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Abstract
Two multi-family buildings (MFB) with together 26 flats
were designed to achieve a net Zero Energy (NZE)
balance for heating, domestic hot water (DHW)
preparation and auxiliary energies. The roof of one of the
MFB is covered by PV, the roof of the other MFB is partly
used for PV and partly for solar thermal (ST). A doublestage ground water (GW) heat pump with a hot gas
desuperheater (DSH) provides the remaining energy for
heating and DHW. The system was designed with a low
temperature distribution system (floor heating) and
separate decentral fresh water preparation (DHW plate
HX) for optimal efficiency. By means of monitoring over
a period of three years and by simulation assisted analysis
of the main components, the buffer tank, the double -stage
HP with DSH and the system, the performance is
improved to achieve the goal of NZE.

Introduction
In order to reach the ambitious targets of a sustainable
energy system, strong efforts in improving energy
efficiency in the building sector are required, see BPIE
2015. Only with a combination of passive (i.e. building
envelope) and active (i.e. HVAC system) measures as
well as integrating renewable energies (RE) these targets
can be reached. System solutions, i.e. well designed and
matching components with a robust control scheme and
the possibility of easy quality control, are required.
While there is a discussion among experts about the most
economic building energy standard (e.g. whether it is
Passive House standard or less ambitious), it is
undiscussed that heat pumps (HP) will play a major role
in heating (and cooling) of buildings. HPs exist in a large
variety with respect to the source (air, water, ground,
waste heat) and the sink (air, water; low temperature
heating, DHW etc.) and in almost any size (from some
100 W to several 100 kW). Even though there is
experience with HPs since several decades and a strong
development of HPs within at least the last 20 years, there
is still a lack of knowledge of HP operation and optimal
system design for nZEB and in particular nZE multifamily buildings. Miara at al. 2014 and 2017 show that the
performance, i.e. the seasonal performance factor (SPF),
of installed HP systems improved within the recent years.
However, the market and its players lack experience and
guidelines for HP system for nZEB are still missing (see
also e.g. IEA HPT Annex 49). In this paper a case study

of two nZE multi-family buildings in Passive House
standard is presented with an innovative HVAC system.
It is presented, how by means of simulation with models
that were parameterized using detailed monitoring data
(refrigerant cycle as well as building and HVAC
simulations), failures could be detected and how the
performance could be improved. The results can be used
to derive guidelines for HP system design and failure
detection and quality control.
Case study: NZEB NHT Vögelebichl
In Innsbruck Vögelebichl (see Figure 1), two multi-family
buildings (MFB) with together 26 flats and together
2149 m² of treated area were designed to achieve a net
Zero Energy (NZE) balance for heating, domestic hot
water (DHW) preparation and auxiliary energies. The
roof of one of the MFB is covered by PV, the roof of the
other MFB is partly used for PV and partly for solar
thermal (ST). A double-stage ground water (GW) heat
pump with hot gas de-superheating provides the
remaining energy for heating and DHW.

Figure 1: Two multi-family buildings in Passive House
standard (NHT, Innsbruck Vögelebichl).
The NZEB project NHT Vögelebichl was already
described in Ochs et al. 2014 and Ochs et al. 2018. Here
only the most relevant aspects are given that are required
as basis for the optimization that will be discussed in the
following sections.
Hydraulic Scheme
One roof of the MFB is covered by PV (99.8 m²), the other
is partly used for PV (52.5 m²) and partly for ST (73.6
m²). A GW heat pump (with two stages, i.e. compressors)
and solar thermal collector (SC) field charge the buffer
store which provides heat with a low temperature heat
distribution and the separate decentral fresh water
preparation (DHW plate HX) to the buildings, see Figure
2. The double-stage HP is equipped with hot gas (HG) desuperheating. Depending on the operation mode (heating
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or DHW preparation), the flow of the HP enters the buffer
store (BS) at the top or at 1/3 of the height from the top.
The combined return of the heating and DHW loop enters
the large 6 m³ buffer store depending on the temperature
level either at the bottom or at about 1/3 of the height of
the tank in order to enhance stratification. The electric
backup heater (BH) is currently not in use.

Figure 2: Hydraulic scheme with Solar Collectors (SC),
Buffer Store (BS), 2-stage ground water heat pump (HP)
with hot gas HG) desuperheating (DSH) in heating mode
with floor heating (FH) and decentral heat exchanger
(HX) for domestic hot water (DHW) preparation.
Double-stage Heat Pump with Desuperheater
- Desuperheater
One possibility to improve the performance of a HP in
residential applications is a desuperheater (DSH). The
additional heat exchanger between the compressor and the
condenser of the HP transfers the heat of the superheated
refrigerant to a secondary circuit. It is suited for DHW
preparation (directly or indirectly via a storage tank)
because of the relative high temperature level that can be
reached (e.g. 55 °C to 60 °C). The condensation of the desuperheated refrigerant takes place in the condenser of the
HP at lower temperature level, e.g. at 35 °C in case of
floor heating system and the heat is transferred to the
heating system directly or via a separate buffer storage
tank.
An energetic advantage is obtained as a part of the heat
for DHW preparation that has to be provided at high
temperature with usually relative low performance in
“DHW preparation mode” is provided at higher efficiency
at low condensing temperature in “heating mode”. During
this simultaneous operation (heating and DHW
preparation), the HP operates at a lower condensing
pressure compared to DHW preparation only. The amount
of high temperature heat that can be provided and that
reduces operation hours at low efficiency depends on the
heating load and heating demand of the building (load
duration curve). An extensive investigation for a single
family home can be found in Hengel et al. (2016).
- Doublestage heat pump
Double-stage HPs are on the market already for several
years. Double-stage HPs feature higher investment costs

but have potentially lower operation costs. A double-stage
compressor has a low capacity, which is 50 % or about
70% in most models, and high capacity (100%). Variablespeed or modulating compressors vary capacity from
about 40% to 100% in increments of less than 1% and are
the most efficient. They have the highest advantage if
either the source (e.g. air) and or the sink have variable
temperature or power level (e.g. for heating).
With a single-stage HP, the compressor runs only at full
load capacity, i.e. once the required temperature level is
satisfied, the compressor turns off. A double-stage
compressor can operate at part load or full load capacity.
The two-stage HP compressors turn on and run until stage
two of the thermostat is satisfied, then one compressor
continues to run at a lower level, stage one. If the HP is
connected directly to the heating system, this would allow
to avoid swings, i.e. for a more even room temperature.
Potentially, the double-stage HP consumes less energy
and does not have to work as hard to adjust to swings in
room temperature. This could result in a lower operating
cost while keeping occupants at the same comfort level.
Wang et al. (2005) found that such a coupling process
improved energy efficiency ratio by 20 % compared to a
purely air source HP.
Research questions
The following research questions can be defined:



Does a double-stage outperform a single-stage HP?
Is there a cost benefit and is there a benefit with
respect to service life (i.e. can excessive on/off cycles
be avoided)?
 What is the optimum control strategy for a double
stage HP?
o for heating and for DHW preparation
o in combination with a buffer storage
The particular question in this project is whether the
performance of a HP can be improved in these MFBs with
very high energy standard (PH Standard) with relative
low heating demand (15 kWh/(m² a) and relative high
DHW demand (ca. 25 kWh/(m² a)) and by how much.
And can the goal of NZEB be achieved?

Method
Theoretic improvement of system efficiency with DSH
The theoretic improvement of the system efficiency can
be estimated by simple calculation. The theoretic
improvement arises from delivering a part of the energy
needed for DHW preparation with high performance of
e.g. SPFH = 5 in heating mode instead of delivering it at
high temperature, i.e. 55 °C and thus with low
performance, e.g. with SPFDHW = 2.8. The share of DHW
that can be provided by the HP with a DSH in heating and
mode is illustrated in Fig 3.
The contribution of the DSH to DHW preparation
𝑄𝐷𝐻𝑊,𝐷𝑆𝐻 depends on the boundary conditions and is a
share of the heating demand 𝑄𝐻 as shown in eq. 1. The
realistic range for the values of 𝑓𝐷𝑆𝐻 is between 5 and
15 %. For specific conclusions dynamic simulations are
obviously required.
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𝑄𝐷𝐻𝑊,𝐷𝑆𝐻 = 𝑄𝐻 ∙ 𝑓𝐷𝑆𝐻

(1)

The theoretical possible savings depend on the ratio of
heating demand (HD) and DHW demand, see Figure 4.
Furthermore, it depends on the SPF of the HP in heating
and in DHW mode. The electric consumption can be
estimated using SPF for heating (eq. 2) and for DHW
preparation (eq. 3). Electricity savings between the case
with the DSH (eq. 5) and the reference case without DSH
(eq. 4) are presented in Figure 4.

Figure 3: Schematic sorted load duration curve (base
load DHW and peak load heating) with double stage HP
with possible share of DHW contribution from DSH in
heating mode.
The following applies:
𝑆𝑃𝐹𝐻 = 𝜂𝑐,𝐻 ∙

𝑇𝑚𝑎𝑥,𝐻

𝑆𝑃𝐹𝐷𝐻𝑊 = 𝜂𝑐,𝐷𝐻𝑊 ∙
𝑊𝑡𝑜𝑡,𝑟𝑒𝑓 =

𝑄𝐷𝐻𝑊
𝑆𝑃𝐹𝐷𝐻𝑊

𝑊𝑡𝑜𝑡,𝐷𝑆𝐻 =

(2)

𝑇𝑚𝑎𝑥,𝐻 −𝑇𝑚𝑖𝑛

+

𝑇𝑚𝑎𝑥,𝐷𝐻𝑊
𝑇𝑚𝑎𝑥,𝐷𝐻𝑊−𝑇𝑚𝑖𝑛
𝑄𝐻

(4)

𝑆𝑃𝐹𝐻

𝑄𝐷𝐻𝑊 −𝑄𝐷𝐻𝑊,𝐷𝑆𝐻
𝑆𝑃𝐹𝐷𝐻𝑊

(3)

+

𝑄𝐻 +𝑄𝐷𝐻𝑊,𝐷𝑆𝐻
𝑆𝑃𝐹𝐻

(5)

Depending on the ratio of DHW over HD and depending
on the contribution of DSH to DHW preparation in
heating mode, electricity savings between 1 % and 9 %
can be obtained. Whether this theoretic reduction of
electricity consumption by using a DSH can be achieved
for a specific case, it needs to be proven by dynamic
building and system simulation and depends on the COP
of the HP at different operation conditions and also on the
control strategy.
Heating Load and Heat Pump Capacity
The heating load is 24 kW for both buildings according to
the design (PHPP, max. daily average). DHW load adds
approx. further 12 kW with a buffer tank acc. to the
standard recommendations. The heat pump has a nominal
capacity of 52 kW (at W55, see Table 1). The
performance map (PM) data of the HP according to the
manufacturer is available only for double-stage operation
and without DSH loop (i.e. with DSH in series to the
condenser, see Figure 5). PM data is available for other
source temperatures, but no data is available for singlestage operation and for operation with desuperheating
loop. Hence, the required performance maps have to be
generated using dynamic monitoring data, which will be
described shortly in the next section.
Table 1: Performance map (PM) of the double-stage HP
with R410A according to data sheet (EN 14511).
(data sheet) EN 14511

W35

W45

W55

Heating Power at W10 / [kW]

58

55

52

COP at W10 / [ - ]

6

4.6

3.7

El. Power at W10 / [kW]

9.7

11.8

13.9

Cooling Power at W10 / [kW]

49

43

38

Refrigerant Cycle
A simplified scheme of the refrigerant cycle of a doublestage HP with DSH is shown in Figure 5. In order to
predict the performance of the HP under various
conditions, a simplified physical vapour cycle model was
developed in Matlab using the CoolProp database for
refrigerants (www.coolprop.org). Pressure losses in and
between the components are disregarded with the
exception of the pressure loss in the condenser, which can
be considered by a given pressure difference pcond.
Subcooling and superheating are considered in a
simplified way with given temperature differences Tsub
and Tsuper, respectively.
Water in

4

Figure 4: Theoretic reduction of electricity consumption
by using a DSH depending on the ratio of domestic hot
water (DHW) and heating demand (HD), corresponding
to low energy house (LE) and Passive house (PH)
standard for single-family house (SFH) or multi-family
building (MFB) with the DHW share of desuperheater
fDSH (eq. 1) as parameter.

Condenser

3

DSH

5

2

1
brine in

Figure 5: Scheme of HP with desuperheater (DSH) and
two parallel compressors (double-stage HP; according
to the EN 14511 measurements (compare table 1) the
DSH is in series to the condenser
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(7)

Correspondingly, the condenser is divided in
desuperheating, condensation and sub-cooling sections
with constant (i.e. given) heat transfer coefficients.
𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑤 ∙ 𝑐𝑤 ∙ Δ𝑇𝑤 = 𝑚̇𝑟𝑒𝑓 ∙ (ℎ3 − ℎ4 ) (8)
𝑄̇𝑐𝑜𝑛𝑑 = ∑ 𝑈𝐴𝑐𝑜𝑛𝑑,𝑖 ∙ Δ𝜗𝑙𝑜𝑔,𝑐𝑜𝑛𝑑,𝑖

(9)

Then for the DSH it applies that
𝑄̇𝐷𝑆𝐻 = 𝑚̇𝑤,𝐷𝑆𝐻 ∙ 𝑐𝑝,𝑤 ∙ Δ𝑇𝑤,𝐷𝑆𝐻 =
𝑚̇𝑟𝑒𝑓 ∙ (ℎ2 − ℎ3 )

(10)

𝑄̇𝐷𝑆𝐻 = 𝑈𝐴𝐷𝑆𝐻 ∙ Δ𝜗𝑙𝑜𝑔,𝐷𝑆𝐻

(11)

The mass flow of the refrigerant
𝑚̇𝑟𝑒𝑓 = 𝐷

𝑁𝑚𝑖𝑛
60 s/min

∙ 𝜌𝑠𝑢𝑐 ∙ 𝜂𝑣𝑜𝑙

(12)

is a function of the displacement and of the volumetric
efficiency.
The compressor power in the refrigerant cycle is
calculated based on the isentropic efficiency 𝜂𝑖𝑠 .
𝑃𝑐𝑜𝑚𝑝 = 𝑚̇𝑟𝑒𝑓 ∙

ℎ2𝑠 −ℎ1
𝜂𝑖𝑠

(13)

where ℎ2𝑠 = ℎ(𝑝𝑑𝑖𝑠 , 𝑠1 ) is the enthalpy of superheated
gas at isentropic compression. The isentropic efficiency
𝜂𝑖𝑠 depends on the compression ratio, which is a function
of the compressor discharge pdis and suction psuc pressure.
𝜏=

𝑝𝑑𝑖𝑠

(14)

𝑝𝑠𝑢𝑐

Both, the volumetric and the isentropic efficiency can be
approximated based on literature data by a polynomial or
a 2D-lookup table.
The electrical efficiency of the compressor 𝜂𝑒𝑙 is
approximated with a linear function depending on the
compressor temperature. Then the performance of the HP
can be calculated as follows
𝐶𝑂𝑃𝐻𝑃 =

𝑄̇ 𝑐𝑜𝑛𝑑 +𝑄̇ 𝐷𝑆𝐻
𝑃el,comp

(15)

With DSH operation, the condenser mass flow 𝑚̇𝑤𝑎𝑡𝑒𝑟 is
different (usually higher) than the mass flow through the
DSH 𝑚̇𝐷𝑆𝐻 . Without explicit DSH operation, it is
assumed that the water outlet is connected to the DSH
inlet (series configuration, see Figure 5).

Results
Monitoring System
Detailed monitoring of the buildings (all flats in one of the
two MFB), the HVAC system including thermal losses
and the performance of PV and ST allowed to study the
behavior of NZEBs in practice. The simulation-assisted
analysis of the monitoring data allowed to identify
problems and faults of the installation and of the
operation. By means of simulation, influences of climate
and of the user behavior (set points, etc.) could be

150

Q / [MWh/a]

𝑄̇𝑒𝑣𝑎𝑝 = ∑ 𝑈𝐴𝑒𝑣𝑎𝑝,𝑖 ∙ Δ𝜗𝑙𝑜𝑔,𝑒𝑣𝑎𝑝,𝑖

considered and the monitoring results could be
normalized to standard conditions.
The measurement system consists of Pt100 (1/3 DIN),
heat meters and electricity meters. The measurement
system is connected to the BMS and readings are stored
with a 1 min. time step. Data is post-processed and
average or integrated values are reported.
Detailed monitoring results were collected for a period of
three years, analyzed by means of dynamic simulation and
the performance of the buildings was evaluated with
respect to the aim of achieving the NZE balance. The
dynamic building and HVAC simulation was performed
with Matlab/Simulink.
Energy Balance
Operation of the buildings started winter 2015. The HD
of the buildings was with about 20.5 kWh/(m² a) in 2017
and 18.5 kWh/(m² a) in 2018 slightly higher than the
planned 15 kWh/(m² a) for Passive House standard. The
DHW demand was in the range of the expectations with
about 25 kWh/(m² a), see Ochs et al. 2018a and Ochs et
al. 2018b. A summary of the energy balance is given in
Figure 6. The overall demand was decreasing in the first
three years of operation. The thermal losses slightly
increased in absolute value leading to an increase relative
contribution of 14 % and are one of the major reasons why
the NZE balance could not yet be fulfilled.

100

50

0
HP DHW

2016
HP Heating

2017
HP DSH
ST

2018
DHW
Losses

HD

Figure 6: Energy balance with delivered energy for
heating, for DHW and thermal losses (tank + pipes to
heat meters) as well as contributions from solar thermal
(ST) and heat pump (condenser DHW, condenser
Heating and DSH).
In 2018, the electricity consumption of the HP was
21 MWh and auxiliary energies were responsible for
14 MWh. The PV field produced in average around
27 MWh. Figure 7 reports the electric energy balance for
the years 2016 to 2018.

Wel/ [MWh/a]

The evaporator is divided in three sections (film
evaporation, evaporation and superheating). The heat
transfer coefficients are assumed to be constant in each
section. The following equations are applied.
𝑄̇𝑒𝑣𝑎𝑝 = 𝑚̇𝑏 ∙ Δℎ𝑏 = 𝑚̇𝑟𝑒𝑓 ∙ (ℎ1 − ℎ5 )
(6)

50

50

40

40

30

30

20

20

10

10

0

0
2016
HP

2017
Aux

2018
PV

Figure 7: Electric Balance with HP, auxiliary energies
(Aux) and photovoltaic (PV).
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In spite of the reduced total energy demand in 2018
(mainly because of the decreased heating demand), the
NZE balance was not achieved. (Remark: Actually, the
PV production was 24.5 MWh in 2018 because of a
technical failure of the inverter of the PV field of the north
building. A yield between 26.6 MWh and 27.2 MWh can
predicted based on data of 2016 and 2017 for the case
without the failure).
Buffer Tank
A scheme of the buffer tank is shown in Figure 8 with
inlets and outlets for (left) the heat generation part and
(right) for the load. The dots indicate the position of the
temperature sensors. The tanks was modelled with the
storage model of the Carnot Blockset in Matlab/Simulink.
The measured and simulated storage temperatures for a
period in winter and in summer (with ST operation) are
shown in Figure 9.

Figure 8: Hot water tank (6 m³) with (left) heat
generation (ST, HP DHW, HP Heating and
desuperheating and (right) outlets for hot water
preparation and heating and common return inlets.

Overall, the agreement is acceptable. In detail, there are
some deviations in the dynamic behavior during some
days for some sensors, but with respect to the research
question discussed in this paper, the deviations are
acceptable.
The measured thermal losses are within an average factor
of about 10 times higher than the predicted ones (for a
tank of that size and with that insulation level,
corresponding to a ErP class C tank, EU efficiency classes
for storage losses). One main reason is that losses from
pipes, valves and pumps between the tank and the heat
meters are included in the energy balance. Unwanted
buoyancy flows could be excluded by analyzing the
monitoring data for all hydraulic loops except for the
cooling loop (in summer the ground water can be used
with a heat exchanger to do some cooling with the floor
heating system.) This is still under investigation.
Heat pump operation
A series of typical HP operation modes is shown in Figure
10. In DHW mode the HP operates with full capacity
(stage II). Also the DSH delivers around 11 kW. The
condenser power is 28 kW. With the electric power of the
compressor of 14 kW, the COP is 2.8. In heating mode
(with single compressor operation) the heating power is
25 kW. No useful desuperheating can be measured. The
COP under these conditions is 6.25 (4 kW of electric
power). There is one short period with heating mode at
stage II with a small contribution by the DSH.

II

II
II

(a)

(b)

Figure 9: Measured and simulated storage temperatures
for a period in winter (a) and in summer (b).

I

I

II

I

Figure 10: Heat Pump operation with different
operation modes (stage I and stage II, DHW and
Heating with and without DSH).
It has to be mentioned here, that the heat meters measure
the heat that is delivered to the storage tank. In order to
deliver the energy at the required temperature level, flow
temperature control is implemented, as shown in Figure
11.
Furthermore, it is important to remark that the presented
operation of the HP does not represent the optimum
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Figure 11: Flow temperature control of condenser and
DSH with heat meter (HM), temperature indicator (TI)
and controller (C) (TI and C of the condenser loop are
not shown for better visibility).
Model Parameterization
The simplified physical HP model, described above, was
parameterized using measured data from monitoring. The
source temperature showed little variation between
around 8 °C and 12 °C over the course of the year. Two
typical operation modes were identified: DHW operation
with desuperheating at double-stage and heating mode at
single-stage without significant desuperheating. The
resulting refrigerant cycle is shown on the following
Figure
2
R410A
Stage II
DHW mode
𝑄̇𝑐𝑜𝑛𝑑 = 27.6𝑘𝑊
𝑄̇𝐷𝑆𝐻 = 11.2 𝑘𝑊
COP = 2.73

CP

3

DSH
out

4

5

1

The heating power of the HP (condenser and DSH in
series) is significantly lower than the numbers given in the
data sheet. One of the reasons might be insufficient
refrigerant fill and furthermore, different, i.e. lower mass
flows compared to the measurements acc. to the standard
(EN 14511).
Performance Maps (PM) of double-stage heat pump
with desuperheater (DSH)
With the parameterized HP model, performance maps for
the different operation modes were generated. These
include



Stage I or stage II
DSH in series (i.e. without separate DSH loop) or
separate DSH loop
 DSH inlet temperature
𝑄̇𝑐𝑜𝑛𝑑 , 𝑄̇𝐷𝑆𝐻 , 𝑃𝑒𝑙 = f(𝜗𝑠𝑟𝑐 , 𝜗𝑠𝑛𝑘, 𝜗𝐷𝑆𝐻 , 𝑠𝑡𝑎𝑔𝑒, 𝐷𝑆𝐻) (18)
Figure 14 (a) reports the heating power of the HP. The
uncertainty of the model is indicated by the error bars and
is in the range of 6 kW. Figure 14 (b) shows the
corresponding COP. It is significantly lower than the COP
according to the data sheet. One reason for lower
performance is the lower volume flows on the source and
sink side compared to the measurement acc. to the
standards. Furthermore, a slight degradation of the
heating capacity of the HP could be identified within the
first three years of operation, which could be explained by
some refrigerant leakage. Further detailed investigations
will be carried out to identify the reason for the deviation
of the measured data and the data sheet.
50
Heating power / [kW]

configuration but is the one implemented and is used to
identify the HP operation and generate the PMs.

40
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W45
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0

Power / [W]
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1.81 %

2.21 %
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6

8

10

6.0
5.0
4.0
3.0
2.0

W35
W45
W55

1.0
0.0
0

2

4
6
Source temperature [°C]
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0
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0

Figure 12: Refrigerant Cycle at DHW operation mode
with DSH, stage II.
The corresponding heating power (condenser, DSH and
evaporator) and electric power (compressor) are shown in
Figure 13. The deviations are highest for the DSH with
3.2 %, see Figure 13.

Qdot_cond
Qdot_DSH
Qdot_evap
𝑄̇
𝑄̇
𝑄̇
𝑐𝑜𝑛𝑑

𝐷𝑆𝐻

𝑒𝑣𝑎𝑝

P_el
𝑃
𝑒𝑙

Figure 13: Comparison of measured and simulated
heating powers and electric powers and relative
deviations.

Figure 14: Heating power for stage 2 (a) and COP for
stage I and stage II (b) for the configuration with DSH in
series to the condenser as in Figure 5.
The theoretical maximum share of the DSH with respect
to the total heating power of the HP is shown in Figure 5
for different operation conditions taking stage I as an
example. For stage II, the trend is the same with a share

________________________________________________________________________________________________
4966
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
being slightly higher (about 1.2 % higher for W35 and 0.2
to 0.6 % higher for W55). The share is highest with low
source temperatures and high sink temperatures. For a
realistic operation range of W35, a DSH inlet temperature
of 50 °C and source temperatures around 8 °C, the DSH
power is about 8 % of the total power.
DSH / total power share / [%]

40
W35 theta_ds_in=45

35

W45 theta_ds_in=45

30

W55 theta_ds_in=45

25

W35 theta_ds_in=50

20

W45 theta_ds_in=50

15

W55 theta_ds_in=50

10

W35 theta_ds_in=55

The net zero energy balance (for heating and DHW and
auxiliary energies) could not be achieved during the first
three years of monitoring. The implementation of first
optimization measures shows a reduction of the demand.
The performance of the HP is significantly lower than
expected based on data sheet PM. There is a potential
improvement of the performance by using the DSH loop,
however, due to the high COP in heating mode in stage I
that mode should be preferred. The following control
scheme is recommended see Figure 17.
Stage I

HP

W45 theta_ds_in=55

5

DHW

DSH off

H

DSH on

Stage II

W55 theta_ds_in=55

0
0

5
10
Source temperature / [°C]

Figure 15: Influence of sink and source temperature as
well as stage on the share of the DSH.
Modelling and Simulation of the HVAC System
A Simulink model of the HP was developed. The multidimensional PM model allows to simulate different HP
operation strategies with and without DSH as well as
single and double-stage operation.
The optimization of both, the control strategy and of the
components, is performed with the aim to operate the
HVAC system with improved performance.
Predictions show that the NZE can be achieved with
improved control strategy and when the auxiliary energies
are reduced. Figure 14 gives the resulting electric energy
balance. Net energy balance for heating, DHW and
auxiliary energy is achieved with PV on the roof. PV on
the façade is required, if appliances are considered, too.
The contribution to the winter load is insignificant.
10000

Figure 17: Recommended operation modes: stage II in
winter, stage I in intermediate season; DSH off means
desuperheater in series to the condenser, on means
parallel operation in heating mode.
Predictions based on results after introduction of
improvements show that Net Zero could be achieved. In
future projects more care should be taken in the
appropriate dimensioning of the components (in
particular heat pump capacity and storage volume)
Passive House (PH) standard is key for achieving NZEB
level for heating, DHW and aux. energies. If electricity
consumption of appliances was included in the energy
balance, additional PV on the south façade would be
required (see Figure 16). NZEB do not significantly
reduce winter grid load. The mismatch between
(electricity) demand and PV yield has to be considered,
e.g. by means of different electricity prices for
purchase/sell or by monthly primary energy (PE)
conversion factors.

Conclusions

8000
E / [kWh]

H

PV roof and facade

6000

PV roof only

4000
2000
0
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HP el opt

10
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12
PV

Figure 16: Predicted monthly electric energy balance
after improvements with and without appliances and
with additional PV on the façade.

Discussion
The simulation assisted analysis of the monitoring results
of the two buildings and of the HVAC system (including
distribution losses, heat pump performance factors,
auxiliary electricity demand, solar thermal and PV yield)
allows to identify and solve problems that frequently
occur during commissioning of the system. With the help
of the simulation study, the control of the system can be
optimized in order to reach the anticipated performance.

The challenge to make the building sector climate-neutral
was already tackled with the project Innsbruck
Vögelebichl. The demo project involves two multi-storey
multi-family buildings with a total of 26 apartments in
Passive House standard. The aim of the project was to
achieve the net zero energy balance for heating and hot
water preparation and the necessary auxiliary energies.
An energy and cost efficient central heat supply based on
a low temperature heat distribution and a solar HP system
coupled with PV was investigated and optimized by
means of building and HVAC simulation.
Recommendations for the design and dimensioning for
the HVAC system and for the operation of the system
(including control optimization) can be derived from the
simulation results. Basic monitoring of the performance
of the HVAC system is required to detect faults and to be
able to guarantee efficient operation (quality control).
As a next step, by means of simulation, different system
configurations (i.e. with or without ST, with different
buffer storage sizes, with different control strategies) can
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be compared and evaluated considering seasonal
variations of the share of RE in the electricity mix. Design
recommendations will be elaborated.
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Nomenclature
Abbreviation Description
BMS
Building management system
BS
Buffer Storage
CW
Cold water
comp
Compressor
cond
Condenser
DHW
Domestic hot water
DSH
Desuperheater
el
Electric
evap
Evaporator
FH
Floor heating
GW
Ground water
H
Heating
HD
Heating demand
HP
Heat pump
HW
Hot water
HX
Heat exchanger
HVAC
Heating ventilation air conditioning
LEH
Low energy house
MFB
Multi-family building
NZE(B)
Net Zero energy (building)
nZEB
Nearly Zero energy building
PH
Passive house
PM
Performance map
PV
Photovoltaic
RE
Renewable energy
SFH
Single-family house
SC
Solar collector
ST
Solar thermal
Symbol Description
Unit
A
area
m²
cp
Specific heat
kJ/(kg K)
Coefficient of Performance
COP
D
Compressor Displacement
m³
fDSH
Share of DSH to DHW preparation
Specific enthalpy of refrigerant
kJ/kg
h
Mass flow
Kg/s
𝑚̇
Rotational speed of compressor
min-1
𝑁𝑚𝑖𝑛
Pressure
Pa
p
Power
W
P
Q
Heat
kWh
Seasonal Performance Factor
𝑆𝑃𝐹
T
Absolute Temperature
K
U
Heat transfer coefficient
W/(m² K)
Carnot performance factor
𝜂𝐶
Volumetric efficiency
𝜂𝑣𝑜𝑙
Isentropic efficiency
𝜂𝑖𝑠
Refrigerant
vapour
density
kg/m³
𝜌𝑠𝑢𝑐
Temperature
°C
𝜗
Compression Ratio
𝜏
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Abstract
The aim of this work is to analyse the energy contribution
of a geothermal heat pump for heating and cooling in a
Net Zero Energy Building (NZEB) used as B&B, through
a dynamic energy simulation software (DesignBuilder).
The case study building is virtually located in two Italian
cities with different climatic characteristics. The energy
savings related to the use of the geothermal heat pump are
evaluated, compared to both an air-to-water heat pump
and a condensing boiler coupled to a chiller. In literature
there are few comparisons between air-to-water heat
pump and geothermal heat pump. The paper evaluates
how much this technology is convenient for NZEBs, from
an energetic-economic point of view.

Introduction
In the European Union the building stock is responsible
for around 36% of all CO2 emissions. The European
Directive 2018/844 (2018) on the energy performance of
buildings, in the wake of the two previous directives, the
so-called “EPBD” (2002) and “EPBD recast” (2010), sets
the goal to totally decarbonise this building stock by 2050.
This is done by making existing buildings nearly Zero
Energy Buildings (nZEBs) and using mostly energy from
renewable sources (Hermelink et al, 2013). The target of
Net Zero Energy Building (NZEB) seems instead still far
to be reached.
A NZEB is defined as a building with very high energy
performance whose low energy needs are entirely met by
renewable sources (Torcellini et al, 2006). This is difficult
to achieve because there are numerous parameters to be
defined: the control volume on which the energy balance
is to be carried out; whether this balance should be annual
(Mohamed et al, 2014), seasonal or monthly; if only onsite renewable energy sources can be used (D’Agostino et
al, 2017); what are the most suitable technologies to reach
the NZEB target (Ferrante et al, 2011). In particular, in
Italy, unlike what happened for the nearly zero energy
building, there is still no legislative prescription to define
a NZEB.
It is very important to reduce the energy needs of a
building to reach the NZEB target. Ascione et al (2016)
highlighted the boundary conditions, concepts and design
criteria for a NZEB, showing how a good project can
generate a very low energy demand for the heating and
cooling of the building. In Buonomano et al (2015), the
energy requirements obtained for heating and cooling

were respectively 3.9 and 6.7 kWh/m2y, for a nonresidential NZEB in Mediterranean climates.
Fedajev et al (2016) analysed the impact of several ground
heat exchangers coupled with a geothermal heat pump
and a thermal storage in a nZEB. They highlighted the
importance of a thermal storage to rise the nZEB target in
very harsh climates like the Finnish one.
In literature there are few comparisons between the
geothermal heat pump (GSHP, i.e. Ground Source Heat
Pump) and a classic technology such as the air-to-water
heat pump, mostly in a NZEB. For this reason, the aim of
this paper is to evaluate the energy saving related to the
use of a GSHP for a NZEB, compared to both the case of
air-to-water heat pump and that of condensing boiler
coupled to a chiller. A case study building virtually
located in two Italian cities with different climatic
characteristics is simulated. Also, a technical-economic
comparison is carried out, through the simple and
discounted payback analysis.

Methodology
The aim of this work is to evaluate the seasonal energy
contribution of a geothermal heat pump to achieve the
target of NZEB, with reference to a case study.
First, it is necessary to design a building that has low
energy requirements. For this reason, the case study
building envelope is characterized by optimal thermal
characteristics, which maximize the free heat gains in
winter and reduce them in summer; therefore, a compact
form, an optimal insulation and innovative technologies
are chosen.
The heating, ventilation and air-conditioning (HVAC)
systems must be subsequently designed in order to reduce
the primary energy demand, using energy- efficient
devices, and this is precisely the core of the described
research.
The insertion of a geothermal heat pump into an energyefficient building is evaluated to assess whether, using
this technology, it would be easier to achieve an energy
balance equal to zero between energy produced from
renewable sources and energy required by the buildingplants system.
In this regard, the energy needs of the case study building
(virtually located in two climatic zones) are evaluated.
The energy analysis is carried out using a dynamic
simulation software (DesignBuilder), based on
EnergyPlus as a calculation engine. Several validation
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tests are available (U.S. Department of Energy, 2011, ab) for EnergyPlus. The reference climatic parameters are
taken from the ASHRAE (2017).
The core of the research is an energy comparison between
different thermal energy generators: a ground source heat
pump with vertical boreholes, an air-to-water heat pump
and a condensing boiler coupled to a chiller.
With reference to the used dynamic simulation software
(DesignBuilder), a conduction transfer function module
(CTFM) is set. It uses the algorithm called “conduction
transfer function”. Instead, the algorithm TARP (2018) is
used for the inside convection and the algorithm DOE-2
(2016) for the outside convection.
The modelling approach considered in DesignBuilder for
the heat pumps uses an equation-fit based model (Tang
2005, Jones 2013) to obtain the heating and cooling
capacity 𝑄̇ and consequently the power:
𝑄̇ = 𝐶1 + 𝐶2

𝑉𝐿
𝑉𝑟𝑒𝑓

+ 𝐶3

𝑉𝑠
𝑉𝑟𝑒𝑓

+ 𝐶4

𝑇𝐿
𝑇𝑟𝑒𝑓

+ 𝐶5

𝑇𝑆

To define the seasonal efficiency of a geothermal heat
pump, it is necessary to calculate the temperature of the
ground. The formula of Kusuda (1965) has been used:

𝐷

365

2

𝜋∙𝛼𝑔

(𝑡 − 𝑡𝑇𝑚𝑖𝑛 − ∙ √

𝜋
365∙𝛼𝑔

] ∙ cos [

Palermo

Milan

Tm

18,6 °C

12,5 °C

A

5,1 °C

9,4 °C

tTmin

15
(January 15th)

15
(January 15th)

D

80 m

80 m

t

335 (December 21st)

335 (December 21st)

αg

0,0821 m2/day

Tg (D,t)

19 °C

0,0821 m2/day
13 °C

The seasonal energy efficiencies of the heat pump and
refrigerating group are evaluated as follows (SCOP for
heating mode, SEER for cooling mode):

(1)

𝑇𝑟𝑒𝑓

where:
C1-5 are constants;
L and S refer to load and source side respectively;
ref is used for reference conditions;
V is the volumetric flow rate;
T is the temperature.
As can be seen, the equation (1) shows a linear
relationship between temperature and power.

𝑇𝑔 (𝐷, 𝑡) = 𝑇𝑚 − 𝐴 ∙ exp [ −𝐷 ∙ √

Table 1: Soil temperatures and different parameters
which influence the efficiency of the GSHP.

2𝜋
365

∙

)] (2)

where:
• Tg (D,t) = soil temperature at a depth D after t days
starting from the first day of January [°C];
• Tm = annual average temperature of the outdoor
environment according to statistical data [°C];
• A = amplitude of annual oscillation of the
temperature [°C];
• t = sequential number of the day (1st of January = 1);
• tTmin = sequential number of the day corresponding to
the minimum soil temperature, found on the basis of
statistical information (1st of January = 1);
• D = depth [m];
• αg = equivalent daily thermal diffusion of the soil
[m2/day].
In Table 1 the values used for the above mentioned
parameters are shown.

𝑆𝐶𝑂𝑃 = 𝜂𝐼𝐼
𝑆𝐸𝐸𝑅 = 𝜂𝐼𝐼

(𝛩ℎ +273,2)
(𝛩ℎ−𝛩𝑐 )

(𝛩𝑐 +273,2)
(𝛩ℎ −𝛩𝑐 )

(3)
(4)

Since the GSHPs cannot be auto sized in DesignBuilder,
several steps are required for setting up these systems.
The process is as follows:
• the design thermal (heating and cooling) loads of the
building must be calculated;
• a correctly sized heat pump model from
DesignBuilder database must be chosen considering
both the peak heating and cooling loads. Another
possibility is to create a new type of heat pump;
• the number of vertical boreholes is calculated.
The energy requirements are reported in terms of primary
energy, using a conversion factor for electricity equal to
2,2 and a conversion factor for natural gas equal to 1,05.
Currently, Italian legislation does not present any specific
requirements for NZEB target. In fact, the D.M.
26/06/2015 (2015) establishes the standards to be reached
in order to identify a building as nearly ZEB (nZEB), but
not NZEB.
For this reason, following the Italian legislation (D.M.
26/06/2015), first it has been verified if the examined
building respects the constraints for the nZEB, which
concern both the building envelope and the building
energy systems, as follows:
a) global heat transfer coefficient: H’T ≤ reference value;
b) equivalent
solar
area
of
the
windows:
Asol,equiv,est/Asup,utile ≤ reference value;
c) energy performance indexes for the building envelope
and systems (EPH,nd, EPC,nd, EPglob,tot) ≤ reference
values;
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d) efficiencies of the systems (H for heating, C for
cooling, DHW for domestic hot water): H, C, DHW
≥ reference values.
Once verified that the considered building is a nearly
ZEB, a renewable energy system (photovoltaic solar
panels) was designed to obtain a Net ZEB. The total area
of the panels was assessed considering alternatively an
air-to-water heat pump, or a geothermal heat pump
(GSHP), or a condensing boiler coupled to a chiller, to
estimate if the GSHP would allow to reach the NZEB
target with a significantly smaller photovoltaic surface.
There are various ways to carry out the energy balance for
a NZEB (Bourelle et al, 2013; Hall et al, 2017).
Considering the control volume that coincides with the
entire building, the energy balance has been made
between energy needs and energy production from
renewable sources:
Eneeded – Erenewable,produced = 0
(5)

Table 2: Geographic/climatic conditions of the chosen
cities, from ASHRAE (2017) and DPR 412/93 (1993).

Description of the case study

Table 3: U-values of the building envelope components
[W/m2K].

The reference building is intended for bed and breakfast,
virtually located in two Italian cities having different
geographic and climatic conditions (Table 2).
Palermo (southern Italy) is characterised by very hot
summers and mild winters, Milan (northern Italy) by hot
summers and cold winters.
The building stands on two levels, with a total area of 310
m2 (900 m3). To obtain a NZEB, attention is paid to the
design of the building envelope (passive design). The sun
position is considered (Figure 1): the living area is located
to the South to take advantage of the solar gains in winter,
while the sleeping area and some service rooms are
located to the North. The position of the windows is
chosen to maximize natural ventilation. Moreover, a
compact form is designed, with a surface-area-to-volume
ratio equal to 0,20 m-1. To reduce the thermal flows
through the building envelope, very low unitary thermal
transmittances of opaque and transparent components are
chosen (Table 3), mainly for the coldest locality (Milan).
The design thermal (heating and cooling) loads of the
building are calculated by the software and reported in the
Table 4.
As known, for a NZEB the balance between the imported
energy and the exported energy must be 0 kWh/m 2y. To
this end, a good design of the building-plant system
allows to minimize the energy demands. Therefore, it has
been investigated which of the proposed thermal energy
generators (air-to-water heat pump; geothermal heat
pump; condensing boiler coupled to a chiller) allows the
minimum energy demand that facilitates the achievement
of the NZEB target. In the Table 5 the values of the
seasonal average energy efficiency for the three proposed
systems are reported.

751
K.day

Longitude

Latitude

Heating
degreedays (*)
Climatic
zone (*)

PALERMO

38°6’
43’’56 N

B

13°20’11
’’76 E

Outdoor reference
temperature
Summer

Winter

33,8 °C

6,6 °C

Heating
degreedays (*)
Climatic
zone (*)
for
heating, C
Latitude
for
cooling,
DHW for
domestic
Longitude
hot water)

MILAN

2404
K.day

45°28’38
’’28 N

E

9°10’
53’’40 E

Outdoor reference
temperature
Summer

Winter

33,1 °C

-4,9 °C

(*) based on DPR 412/93 (1993)

Walls
Roof
Slab on the ground

Palermo
0,42
0,33
0,39

Milan
0,24
0,21
0,23

Windows

2,05

1,20

Table 4: Design thermal loads of the building.
Volume

Thermal (heating and cooling) loads
Winter conditions Summer conditions

m3
Milan

kW

W/m3

kW

W/m3

12

13

21

23

10

12

22

24

900
Palermo

Figure 1a: Ground floor of the examined building.
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is 500 lux in the common spaces, 300 lux in the bedrooms.
The presence of other electrical devices is scarce,
therefore a power range between 1 and 4 W/m2 is set.

Results

Figure 1b: First floor of the examined building.

Energy results
The energy savings related to the use of a geothermal heat
pump are evaluated, compared to both the solution with
an air-to-water heat pump and that with a condensing
boiler coupled to a chiller. The various primary energy
requirements for different energy uses are reported in the
Figures 2 and 3, for Palermo and Milan, respectively.
In the case of Palermo, as can be obtained from the values
in Figure 2, the use of GSHP reduces the primary energy
for heating plus cooling by 15% compared to an air-towater heat pump (23% when considering only heating,
12% for only cooling), by 38% compared to the solution
with boiler and chiller.

Table 5: Seasonal average energy efficiency for the
proposed systems.

Boiler + chiller
Air-to-water
Heat Pump
Ground Source
Heat Pump

Palermo
Boiler
SEE
efficiency
R
or SCOP
0,90
4,90

Milan
Boiler
efficiency or
SCOP
0,90

SEE
R
4,80

4,80

4,90

4,10

4,80

6,20

5,60

4,80

7,00

Each proposed thermal energy generator is linked to an
air handling unit (AHU) for primary air and to fan-coil
units.
The design indoor air temperature is 20 °C for winter and
26 °C for summer. The design temperature of the supply
primary air is 24°C for heating and 12°C for cooling.
With reference to the heating system, a different operating
program has been set for the two locations examined,
following also the indications of DPR 412/93 (1993):
• Palermo (climatic zone: B): from December 1st to
March 3rd (6 hours, i.e.: 6:00 – 9:00 A.M., 6:00 –
11:00 P.M.);
• Milan (climatic zone: E): from October 15th to April
15th (14 hours, i.e.: 5:00 – 9:00 A.M., 12:00 A.M. –
3:00 P.M., 5:00 – 12:00 P.M.).
With reference to the cooling system, the following
operating periods have been considered:
• Palermo: from June 1st to September 30th (9 hours,
i.e.: 11:00 A.M. – 4:00 P.M., 6:00 – 10:00 P.M.)
• Milan: from June 1st to September 30th (8 hours,
i.e.:11:00 A.M. – 3:00 P.M., 6:00 – 10:00 P.M.)
Solar thermal panels (4 panels for Palermo and 5 for
Milan) and a dedicated heat pump with a COP equal to
2,5 are considered to produce domestic hot water (DHW).
The DHW consumption rate is equal to 2,5 l/m2day.
The lighting system is characterised by LED devices with
linear control (2,5 W/m2 100 lux). The design illuminance

Figure 2: Primary energy requirements (kWh/m2y) for
Palermo for the three different proposed systems.
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With reference to the global annual primary energy
requirements (Figure 4), the saving related to the GSHP
is 5% compared to the air-to-water heat pump, 16%
compared to boiler plus chiller.
The electricity annual requirement changes from a value
of 6131 kWh/y (20 kWh/m2y) obtained using an air-towater heat pump to a value of 5810 kWh/y using a GSHP
(- 5%).
In the case of Milan (cold winters), as can be obtained
from the values in Figure 3, the use of GSHP reduces the
primary energy for heating plus cooling by 19%
compared to an air-to-water heat pump (15% referred to
only heating, 31% for only cooling), by 53% compared to
the solution with boiler and chiller. With reference to the
global annual primary energy requirements (Figure 5), the
saving related to the GSHP is 9% compared to the air-towater heat pump, 31% compared to boiler plus chiller.

In this case, the electricity requirement when using a
GSHP is 7459 kWh/y (24 kWh/m2y) versus 8171 kWh/y
(26 kWh/m2y) using an air-to-water heat pump, i.e. - 9%.
As can be seen in the Figures 4 and 5, the global primary
energy demand for both cities is very low and varies
between 45 kWh/m2y and 54 kWh/m2y for Palermo, 5885 kWh/m2y for Milan.
Interesting primary energy savings are obtained for
heating plus cooling when using GSHP compared to airto-water heat pump (16-19%) or boiler coupled to chiller
(38-53%), mainly for the coldest climate (Milan, 53%).

Figure 4: Global primary energy requirements
(kWh/m2y) for Palermo for the three proposed systems.

Figure 5: Global primary energy requirements
(kWh/m2y) for Milan for the three proposed systems.

Figure 3: Primary energy requirements (kWh/m2y) for
Milan for the three different proposed systems.

In Tables 6 and 7 all the energy balances and the number
of PV and solar thermal panels for each case are shown,
for Palermo and Milan, respectively. The following
procedure has been applied to reach the NZEB target:
• in the cases characterized by only electric energy
requirements (GSHP; air-to-water heat pump), the
annual electric energy required by all the building
systems must be balanced by the annual electric
energy produced by the PV panels;
• in the case characterized by both electric energy and
natural gas requirements (boiler plus chiller), the
annual electric energy required by all the building
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Table 6: Annual energy balances for NZEB in Palermo.
PALERMO

n° of panels

Annual
energy
production

Boiler
chiller
Air-towater heat
pump
Ground
source
heat pump

Primary
energy
requirements

Annual
energy
requirements

PV PANELS
(0,3 kWp per panel)

[-]
4,0
7,0

[kWh]
3446
6031

[-]

6131

8,0

6892

✔

5811

7,0

6031

✔

[kWh]
3147
5541

[kWhpr]
3304

NZEB
target

✔

Table 7: Annual energy balances for NZEB in Milan.
MILAN

Boiler
chiller
Air-towater heat
pump
Ground
source
heat pump

[kWhpr] [-]
13113 20,0
9,0

Annual
energy
production

[kWh]
12488
5431

n° of panels

Primary
energy
requirements

PV PANELS
(0,3 kWp per panel)
Annual
energy
requirements

systems must be balanced by the annual electric
energy produced by the PV panels, while the annual
energy related to the natural gas required by the boiler
(3147 kWh for Palermo) is first reported in primary
energy (3304 kWhpr) and this must be balanced by the
annual electric energy produced by the PV panels
(3446 kWh - this electric energy is equal to the
primary energy in the case of PV panels).
For Palermo, the NZEB target is verified considering 7
photovoltaic panels (300 Wpeak per panel) in the best case
(GSHP), 11 panels in the case of condensing boiler plus
chiller. Referring to Milan, given the greater energy
demand due to air conditioning, the energy saving leads
to a sharp reduction in the surface necessary to PV panels.
In fact, using a GSHP, the target NZEB is obtained with
12 photovoltaic panels (300 Wpeak per panel), versus 29 in
the worst case (boiler plus chiller). This means a saving
of 59% referring to the photovoltaic surface.
Since in the current Italian laws it is not provided any
verification that certifies the achievement of NZEB target,
for each case the correspondence to the minimum
requisites for a nearly ZEB has been at least verified, by
means of TERMOLOG software (2018), and the
percentage of renewable energy exploited by the different
technologies has been obtained: for both the localities,
81% in the case of GSHP, 75-76% for the air-to-water
heat pump and 63-64% for the boiler plus chiller.
Economic results
An energetic-economic analysis of the three solutions has
been also carried out, in terms of both Simple PayBack
(SPB) and Discounted PayBack (DPB) periods (Tables 8
and 9).
For this purpose, the investment costs of the three
solutions have been calculated. The most advantageous
comparison from an economic point of view is the one
between the GSHP and the solution with boiler plus
chiller, due to greater energy savings. In fact, in this case,
the additional cost of the investment is recovered in only
3 years for Milan (DPB) and about 13 years for Palermo.

NZEB
target

[kWh]
13310
5990

[-]
✔

8171

13,0

8652

✔

7459

12,0

7986

✔

Table 8: SPB and DPB for the different solutions in the
case of Palermo.
PALERMO
Air to water heat pump compared to boiler + chiller:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

0

182

-

-

GSHP heat pump compared to boiler + chiller:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

2273

254

9

13

GSHP compared to air-to-water heat pump:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

3123

72

43

> 50

The comparison between the GSHP and the air-to-water
heat pump is less convenient: in both the cases of Milan
and Palermo, the investment is recovered in more than 50
years. Therefore, the air-to-water heat pump seems more
convenient than geothermal one from an economic point
of view. However, it should be noted that the air-to-water
heat pump, especially in cold climates (Milan), can be
affected by a malfunction. In fact, in the case of very low
external temperatures, it may sometimes not satisfy the
user.
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Table 9: SPB and DPB SPB and DPB for the different
solutions in the case of Milan.
MILAN
Air to water heat pump compared to boiler + chiller:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

0

632

-

-

GSHP heat pump compared to boiler + chiller:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

2084

793

3

3

control volume delimited by the physical boundaries of
the building, the above-mentioned savings can be
significant.
From an economic point of view, the DPB for the GSHP
is around 3 years for Milan, 13 years for Palermo when
compared to the solution with condensing boiler plus
chiller, more than 50 years when compared to an air-towater heat pump. Although the use of the air-to-water heat
pump seems more suitable from an economic point of
view, it should be noted that, especially in cold climates
(like Milan), it can be affected by a malfunction. In fact,
in the case of very low external temperatures, it may
sometimes not satisfy the user.
Moreover, for both the localities, the GSHP uses a higher
rate of renewable energy (81% for GSHP, versus 75-76%
for air-to-water heat pump and 63-64% in the case of
boiler plus chiller).
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GSHP compared to air-to-water heat pump:
Additional cost

Saving

SPB

DPB

[€]

[€]

[years]

[years]

3684

160

23

> 50

Conclusions
In this article the energy contribution of a geothermal heat
pump in a NZEB is evaluated. The comparison is made
with both an air-to-water heat pump and a condensing
boiler coupled to a chiller.
The comparison shows that the geothermal heat pump,
compared to the air-to-water heat pump, allows
significant energy savings for heating and cooling (23%
and 12% for Palermo, respectively; 15% and 31% for
Milan), but these savings decrease when considering the
global energy requirements (around 5% for Palermo and
9% for Milan).
Considering the energy requirements for heating plus
cooling, interesting savings are obtained when using
GSHP: 16-19% compared to the air-to-water heat pump,
38-53% compared to boiler coupled to chiller (53% for
the coldest climate, i.e. Milan).
The energy saving related to the use of the GSHP is even
more advantageous when compared to the solution based
on condensing boiler and chiller: with reference to the
global energy requirements, this saving is 16% for
Palermo, 31% for Milan.
The energy contribution of the GSHP in a NZEB is not
negligible, since the photovoltaic surface is significantly
reduced, especially in cold climate and in the comparison
with the condensing boiler plus chiller: the number of
photovoltaic panels decreases from 29 to 12 for Milan (11
to 7 for Palermo). This result is important, particularly for
existing buildings, due to the limited area available to
exploit on-site renewable energy sources. In the definition
of a NZEB, if the energy balance is made considering the

Nomenclature
AHU: Air Handling Unit
DHW: Domestic Hot Water
DPB: Discounted Payback period [years]
EPC,nd: Thermal energy requirements for the building
cooling [kWh/m2y]
EPH,nd: Thermal energy requirements for the building
heating [kWh/m2y]
EPglob,tot: Primary energy requirements of the building
energy systems [kWh/m2y]
GSHP: Ground Source Heat Pump
HVAC: Heating Ventilation and Air Conditioning
NZEB: Net Zero Energy Building
nZEB: nearly Zero Energy Building
E: Energy [kWh]
PV: Photovoltaic
SCOP: Seasonal Coefficient of Performance
SEER: Seasonal Energy Efficiency Ratio
SPB: Single Payback period [years]
U: Unitary thermal transmittance [W/m2K]
II: second law efficiency
c: temperature of the cold sink [K]
h: temperature of the hot sink [K]
Subscript - pr: referred to primary energy
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Abstract
The aim of the research presented in this paper is to
evaluate, through a simulation study, the “robustness”,
of the use of Phase Change Materials (PCMs) in the
building construction, when boundary conditions that
differ from the ones used in the design/planning phase
appear.
The methodology is based on the extensive use of the
simulation environment EnergyPlus, applied to a case
study building (a small-medium office building), located
in two different climates (a Nordic climate and a
Mediterranean climate), and through a comparative
analysis (one case with PCM incorporated in the
envelope and indoor partitions, and one reference case
without integrated PCM). Different boundary conditions
are parametrically studied, and the impact of these
variations on the total energy use (for heating and
cooling) of the building assessed.
The results show that the use of PCM leads to a more
stable energy use than the reference case (i.e. the
deviation from the estimated energy use in case of no
variation of the boundary conditions), in almost all the
cases, and regardless of the climate. This technology can
therefore represent a “safe” and “robust” solution in
terms of expected performance, even if its behaviour is
not always characterised by linear behaviours.

Introduction
The use of Phase Change Materials (PCMs) has been
since long proposed as an effective solution to contribute
to the lowering of the energy use for heating and cooling
of buildings Kośny, J. (2015). These materials, usually
integrated in opaque building envelope components,
partition walls, or ceilings (Pomianowski et al. 2013), or
even in transparent systems (Vigna et al. 2018), are
characterised by high thermal energy storage potentials,
and can therefore contribute to increase the thermal
inertia of the building. An increase of the thermal
capacity of the construction is often considered a
suitable strategy for Zero Emission Buildings (ZEBs) to
lower the energy use for building air conditioning by
reducing the fluctuation in the indoor air temperature.
Compared to more traditional ways to increase the
thermal capacity of the building (i.e. to increase the mass
of conventional building materials), the use of PCMs
may, in theory, lead to counterproductive effects. This
potential risk is due to the non-linear behaviour of a

PCM, since its thermal storage capability changes
drastically between the phase change range and the
solid/liquid phase. Because of this feature, the
performance of these systems might be more difficult to
predict than that of more conventional systems.
The design process of buildings integrating PCM
requires the optimisation of the PCM layer (quantity,
position, and PCM’s thermorphysical properties) under
the assumptions of a series of boundary conditions.
These boundary conditions concern the outdoor climate,
other building components, the user occupancy, the
operation of the building, and many more. However,
once the building is built, many of these boundary
conditions may differ from those considered in the
design phase to optimise and select the PCM layer. Such
a difference between adopted boundary conditions and
realistic/actual boundary conditions under operation may
lead to a different performance of the building, and the
question whether PCM-based solutions are more or less
robust to these unpredicted changes is still open.
This paper aims therefore at deepening the
understanding of the deviation between the expected and
the actual performance of a building equipped with
PCM-based elements. The goal is to assess whether the
use of PCM-based system may or may not represent a
drawback in terms of “robustness” of the predicted
building performance.

Methods
The research method used in this activity is based on
numerical modelling and simulation of PCM through a
whole-building energy simulation tool, EnergyPlus
(Castell et al. 2018), and the use of one case-study
building to exemplify the behaviour of systems with and
without PCM-based components.
Case-study building and building envelope systems
The case-study building is designed to reach an
extremely
high-energy
(heating
and
cooling)
performance. Because of the conceptual/theoretical
nature of this study, such a performance (which is as low
as 2-3 kWh/m2 for heating and 2-3 kWh/m2 for cooling)
is achieved by combining a set of active and passive
systems that might not be, all in all, cost-effective.
However, the aim of the case study was to stretch the
border of what is possible to achieve in order to see the
extreme consequences in the use of PCMs.
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Figure 1: Integrated Energy Design process

Figure 2: 3D, floor plan, and vertical section of the
case-study building.
The remarkably low energy demand has been achieved
through an iterative optimisation process and fine-tuning
of all the different aspects of the building, combining
different integrated energy design measures, from
passive to active strategies (figure 1), leading, in theory,
to lower the heating energy use. From ca. 45 kWh/m2 (in
Trondheim) and ca. 8 kWh/m2 (in Barcelona) to ca.
3 kWh/m2, and the cooling energy use from ca.
20 kWh/m2 (in Trondheim) and ca. 50 kWh/m2 (in
Barcelona) to less than 1 kWh/m2.
These values correspond to the thermal energy to be
delivered to (heating) or subtracted from (cooling) the
thermal zones, and do not include neither any energy use
for auxiliaries, nor any inefficiency in the distribution,
regulation, and control of the HVAC plant.
The case-study building is a hypothetical reference
building designed for a small-medium office (3-storey
height, nearly 10 m tall), with a total net area of
approximately 1500 m2 (Figure 2). The building is
rectangular (floor print: 18.2 m x 27.5 m) and compact,
thus designed to reduce heat losses. It contains an open
staircase placed in the centre of the floor (with a floor
area of 25 m²) that provides circulation for the building,
and acts as a chimney for enhancing natural ventilation
(exhaust) as well as a light-well in the middle of the
building.
All the facades have similar design but a different glazed
surface: the north-facing facade has a window-to-wall

ratio (WWR) of approximately 13%, east- and west- a
WWR just greater than 22%, while the south-exposed
facade has a WWR of 50% and integrated PV panels.
The building (both the reference case building and the
one equipped with any PCM-enhanced building
component) has a cross-laminated timber (CLT)
structure and wooden-frame facades. The features of the
building envelope components are reported in Table 1.
While the reference case building does not include any
PCM-enhanced component, the case building with PCMenhanced building elements has a layer of (macro
encapsulated) Rubitherm RT 25HC (paraffin-based
PCM), with a thickness of 5 mm, placed right behind the
gypsum board layer. The selected PCM has a nominal
transition temperature equal to 25 °C and a nominal
latent heat of fusion of 210 kJ/kg (Rubitherm, 2019).
All the exterior walls, indoor partitions, and ceiling
surfaces are modelled with the PCM layer. The selection
of the PCM layer, its thermophysical characteristics, and
its position is the results of a preliminary optimisation
analysis, where different alternatives (in terms of
position and nominal transition temperature) are
simulated, and the one leading to the lowest heating and
cooling energy use was eventually selected.
After simulating different PCM melting temperatures
(from 10 to 42ºC) both before and after the insulation
layer, the results show how, both in Trondheim and in
Barcelona, when the PCM is located in the interior side
of the insulation layer, the heating and cooling loads
were significantly lower than when located in the outer
layer. In addition, when melting at 25ºC, the heating and
cooling loads where lower than using other melting
temperatures. The reason might be that the thick
insulation, placed in the building envelope, acts as a
barrier and the interior temperature does not vary that
much when the PCM is placed after the insulation layer
than when there is not PCM.
Simulation environment, settings, and workflow
The fictitious office building is modelled using Revit
and is converted to EnergyPlus 8.9, leading to 44
thermal zones. The version adopted for this simulation
study is the first one that allows the modelling of
hysteresis effects in EnergyPlus. Due to the
requirements set for the simulations of PCM layers, the
embedded Conduction Finite Difference algorithm is
selected, and the time step of the simulation set to 3 min.
Heating and cooling energy use is calculated by using an
Ideal Load Air System for each thermal zone. This
modelling approach assures, in this study, that each zone
of the building receives enough heating/cooling to
maintain the indoor air within the desired value range.
The indoor air control is based on a dual set point (lower
limit equal to 20 °C and upper limit equal to 26 °C). The
ventilation plan of the building is simulated through the
features integrated in the Ideal Load Air System, based
on the recommended airflow rate (ISO 15251, 2012). A
highly efficient (88%) heat recovery system with
economiser (and night cooling) is simulated.
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Component

Nordic Climate

Mediterranean
Climate
Opaque wall Uwall = 0.10 W/m²K
Uwall = 0.14W/m²K
Floor
Ufloor =0.24W/m²K
Ufloor =0.24W/m²K
Roof
Uroof = 0.07 W/m²K
Uroof =0.07W/m²K
Window
Uwindow =0.6W/m²K
Uwindow =0.6W/m²K
Thermal bridge
Norm. coefficient = 0.023 W/m2K
Air leakage
0.6 m³/(m³h) @ 50 Pa

Table 1: Features of the building envelope components.

Internal loads (lighting, plugs, and occupancy) were set
following best practice values (ASHRAE, 2017) and
then parametrically changed in the robustness analysis.
Simulations were run for the entire year, in both climates
(see following paragraph), and for both the reference and
PCM-enhanced building. To define the base-case
scenarios (i.e. the case where the building is built and
operated as it should be), simulations were run using the
previously described settings. The heating and cooling
energy use, expressed as kWh/m2 is calculated and then
used as key performance indicator to assess the
robustness of the PCM-enhanced building.
Climates and variable parameters
To evaluate the performance in a cold-dominated
(Nordic) climate, the fictitious building is located in
Trondheim, Norway (63°25′ N; 10°23′ E). To evaluate
the performance in a warm-dominated (Mediterranean)
climate, the fictitious building is located in Barcelona,
Spain (41°23′ N; 2°11′ E). Comparing PCMs in two
different climatic contexts is relevant to see if this
performs better in cold dominated climates or in warm
dominated climates.
Annual simulations are run in both locations for the
reference case scenario (all settings as planned) with and
without PCM. Afterwards, a series of runs where one
parameter at a time is changed is done. Four categories
group the variables tested in the parametric analysis:
i) internal gains; ii) external gains; iii) building material
properties; and iv) PCM properties. For each category,
three to four different parameters are tested (Figure 3).
The impact of internal gains has been tested through the
parametric analysis of: the occupancy density (from 0.5
person per office to 2 persons per office); the lighting
load (from no artificial lighting to incandescent bulbs);
and the equipment load (with different levels, from 0
W/m2 to a heavy one with a load equal to 22 W/m2).
The impact of external gains/conditions has been tested
through the parametric analysis of: the solar irradiation
(increased and decreased in steps up to ±20 %); the
outdoor air temperature increase (from +0.5 °C to +3.5
°C); the shading context (from unshaded building to
heavily shaded building); and the solar gains (by
changing the glazing’s g-value from –20% to +20%).
These boundaries are defined to evaluate likely weather
variations and wrong predictions, which might
significantly affect the building behaviour, and the
passive systems of intrinsic control implemented.
Variations are applied to the weather data file (.epw) for
the two locations retrieved from the Weather Data files
page of EnergyPlus (EnergryPlus, 2019).

The impact of building materials properties has been
studied through the parametric analysis of: the thermal
transmittance of the windows (by changing the U-value
of the glazing in steps from –20% to +20%); the thermal
inertia of all the opaque elements (by changing the
specific heat capacity in steps from –20% to +20%); and
the thermal resistance of all the opaque elements (by
changing the thermal conductivity of the materials in
steps from –20% to +20%).
Finally, the impact of the PCM properties has been
studied through the parametric analysis of: the energy
storage potential of the PCM (by changing the enthalpy
of fusion in steps from –20% to +20%); the transition
phase temperature (by changing the nominal
temperature of fusion in steps from –2 °C to +2 °C); and
the hysteresis features of the PCM (by including a nohysteresis case and four different hysteresis values).
The total count of simulation adds up to 81 cases for
each climate, run in EnergyPlus 8.9.

Results
Overview and parameter hierarchy
In Figure 4 the results of the entire simulation study are
summarised for an immediate reading, regardless of the
case analysed. The aim is to assess at glance the
magnitude of all the different parameters. It can be easily
understood that variations in the internal gains are by far
those that lead to larger discrepancies between expected
(reference case scenarios) and the obtained energy use.
In Trondheim, an overestimation of the internal gains in
the design phase (and in particular of the equipment
load) can lead to an increased energy use for heating in
the order of 4-5 times the original value. On the
contrary, a variation in any of the parameters of all the
other categories can potentially lead only to an energy
use for heating less than twice the reference one. A
variation in the internal gains (either lighting load or
equipment load) or in the solar gains can increase the
cooling energy use, in Trondheim, up to more than
2 kWh/m2 (with the reference case having nearly
0 kWh/m2 cooling energy use).
A similar trend, but with different magnitude for heating
and cooling energy use, can be seen in Barcelona.
Underestimation of internal gain (assessed in the
simulation as lighting load and equipment load), as well
as of solar gains, can lead to nearly triple the energy use
for cooling. When it comes to energy use for heating, the
case study seems to be very insensitive to the different
variations in the parameters.
The only exception is the underestimation of the
equipment load, which can lead to an increase in the
heating energy use of little less than 2 kWh/m2 (while
the reference case showS nearly 0 kWh/m2 for heating).
In the next sections, a more detailed analysis is presented
for each of the four main categories (internal gains,
external gains/conditions, material properties, and PCM
properties) to highlight how the performance of the cases
with PCM-enhanced solutions is more stable than the
correspondent one of the reference case (no PCM).
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building fabrics, and therefore lead to a worst
performance compared to the conventional building
without PCM-based components.
However, already when the occupancy is equal to half of
that considered in the design phase, the energy use for
heating in the case of the building with PCM-enhanced
systems is lower (and more stable) than that of the case
without PCM. Only with very high density (double than
that of the reference case scenario), the energy use with
and without PCM is almost the same.
If the occupancy density increased even further, the
performance of the two systems would probably
continue to be equal, since with very high occupancy the
advantages given by the PCM are no longer there.
For the sake of brevity and space, not all the cases
analysed can be shown in the paper. The impact of both
different lighting and equipment load is very similar in
shape and differ only in magnitude (being the equipment
load the one with the highest influence on the heating
and cooling). Just one case is shown herewith for each
climate: the impact of different lighting load for the
Nordic climate (Figure 7) and the impact of the
equipment load for the Mediterranean climate (Figure 8).
Figure 3: Overview of categories and parameters,
and values considered in the study.
Detailed analyses and robustness of PCM-enhanced
cases: internal gains
Internal gains is the category that leads to the largest
variation in the energy use, and thus the category where
it is best shown how the adoption of PCM-enhanced
technologies is reflected in the deviation from the
planned performance.
In Figure 5, the results of the simulations for different
occupancy densities are shown for the heating and
cooling energy use in a Nordic climate. It is possible to
see that the trends (when density increases, a decrease of
the heating energy use and an increase of the cooling
energy use is observed) are meaningful, and that the
solution with PCM-enhanced constructions (continuous
line) always shows a better performance, and lower
increase in energy use when compared to the solution
without PCM-based systems (dashed lines).
In the worst-case scenario, (doubling the density of
occupants), the cooling energy use without PCM reaches
a value that is twice as that for the case with PCM.
Figure 6 shows the same analysis for the Mediterranean
climate. This case represents the only one, in the entire
spectrum of configurations analysed, where the adoption
of PCM-based constructions can lead to a worst
performance than that of a building based on
conventional construction elements, when the boundary
conditions differ from the ones used in the design phase.
This behaviour is seen in the case of the heating energy
use; however when the office is simulated as unoccupied
(no internal gain due to the people) – and therefore a
situation unlikely to occur, or not really of real interest.
In this situation, the missing heat gains due to occupants
prevent the activation of the PCM integrated in the
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Figure 4: Overview of the impact of the different
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Trondheim (top) and Barcelona (Bottom).
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For all the cases, the simulation results return reasonable
trends (higher internal gains lead to lower heating energy
use and higher cooling energy use), and the PCM-based
building always shows a more robust behaviour (i.e.
smaller variation) than the reference without PCM.
The change in the performance is not always linear, even
if the variation of the load value is done in constant
steps. The impact on the heating energy use (increase) is
larger when the variation of the parameters (lighting or
equipment load) is in the lower range (under the design
value) while the impact on the cooling energy use is
larger when the variation of the parameters is in the
higher range (above the design value).
In summary, the analysis of the impact of internal gain
shows that the PCM-enhanced systems are not “badly”
sensitive (i.e. they do not respond with a higher increase
in energy use than the case without PCM) when a
different internal gain occurs. Therefore, the use of PCM
presents a low-risk when it comes to uncertainty in
parameters during the design phase, as well as, to
changes in the operation of the building.
Detailed analyses and robustness of PCM-enhanced
cases: external gains
The analysis of the impact of the heat gains from the
outside comprises three possible variations of boundary
conditions, but only the two most relevant ones are
presented here: the shadow context (Figure 9), and the
solar gain through the windows (Figure 10).
This last variation, obtained in the simulation through
the change of the g-value of the windows, can represent
different changes in the operation or boundary
conditions (e.g. unplanned use of shading devices,
difference in the impinging solar radiation between the
weather data file and the real weather conditions).
In terms of intensity, the shadow context has a larger
impact on the heating energy use (in the Nordic climate)
than on the cooling energy use (in the Mediterranean
climate) when compared to the variation of the g-value
of the window. Both variations naturally lead to an
increase of the heating energy use when the incoming
solar gain is reduced, and in an increase of the cooling
energy use when the solar gain increases (either because
of a higher g-value or because of an unshaded building).
Regardless of the parameter analysed, the building
equipped with PCM-based constructions is always
performing better, and the change in the performance is
equal to that of the building without PCM (in Figure 9
and 9 the profiles of the energy use for both the solution
with and without PCM are parallel). This shows that
there is not a worsening of the performance of the
building equipped with PMC-enhanced components
when the boundary conditions differ from the one used
to determine the optimal PCM’s features, highlighting
once that this solution is robust against unexpected
changes during the building operation.
The selected reference case (nominal melting
temperature of 25 °C) is, in fact, the one that globally
(heating plus cooling) leads to the best performance.

The results of the dependence of the energy use on the
two other PCM’s properties investigated are not here
reported for the sake of brevity, but the variation
between the original performance and the worst-case
scenario is always below 3%.
Detailed analyses and robustness of PCM-enhanced
cases: building materials properties
The sensitivity analysis of the building materials
properties shows a very small dependence of the
building energy performance on the thermal
transmittance of the windows and on the specific heat
capacity of the building materials. This is probably
because the reference (optimised) building is
characterised by a very high energy performance, and
the variation range explored in the analysis is probably
too small to have an impact on the overall behaviour.
The parameter that has the largest impact on the
performance is the thermal resistance of the envelope,
and such an influence is, as expected, larger on the
heating energy use than on the cooling energy use
(Figure 11). Once more, implementing or not PCMbased systems in the building is reflected in an overall
lower energy use, but not on the relative variation
between the two configurations. The case with the PCM
always shows a better performance, and any change in
the thermal resistance of the envelope has the same
intensity in the cases with and without the PCM.
Detailed analyses and robustness of PCM-enhanced
cases: PCM properties
The last category analysed in this study deals with the
PCM’s properties. For this reason, the results only refer
to the case of the building equipped with the PCMenhanced constructions. The scope is therefore not to
verify if a change in the boundary conditions can lead to
a worse performance than in a building without PCM,
but to check that a change in the boundary conditions
does not reflect in a sensible worse performance.
As an example for this category, the change in the
performance due to a different nominal melting
temperature of the PCM is shown in Figure 12. The
results show that a shift in the nominal melting
temperature range lead to an increase or decrease in the
range of less than 3% for the heating energy use (in the
Nordic climate) and the cooling energy use (in the
Mediterranean climate).
From the results it may seems that the selected reference
case (nominal melting temperature of 25 °C) is not the
best possible one, since the energy performance in both
heating (for the Nordic climate) and cooling (for the
Mediterranean climate) can be improved. However, the
results shown in Figure 12 are only partial, as the
cooling energy use in Trondheim and the heating energy
use in Barcelona are not shown.

Discussion and limitations of the study
The general results of the study have highlighted how a
PCM-based is foreseen to perform better than an
identical building not equipped with such a technology.
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It should be mentioned that in the analysis carried out a
large amount of the building’s surfaces exposed to
indoor air (the entire envelope, interior partition walls,
and ceiling) has been covered with PCM (installed
behind a gypsum board). This analysis is therefore a
theoretical situation, where the consequences of using
PCM are assessed under extreme conditions that are not
probably met in a conventional design situation.
However, such an approach is coherent with the scope of
this paper, which is to understand the robustness of
PCM-based systems under operation conditions that
differ from the originally planned ones. With this aim in
mind, the simulation of a large amount of surfaces
covered with PCM represents the worst-case scenario,
where energy use is very small and any potential change
in the energy use due to a possible non-robustness
behaviour of PCM is be amplified.
The selection of parameters to be tested has left
unexplored some domains that might be relevant too –
for example, a failure or misuse of the night-cooling or
ventilation strategies, which is known to be a crucial
element to support the performance of the PCM layers
(Álvarez et al. 2013). It is therefore possible that a
change in some parameters not considered in this study
might lead to a worse performance for the PCM case
than for the reference, PCM-free building, and the
conclusion about the robustness of the PCM-based
system is therefore only valid for the analysed variation
in boundary conditions.
One last point of discussion concerns the ability of
EnergyPlus to simulate with good accuracy PCM-based
systems. Validation of the code has been carried out by
comparison with experiments (Tabares-Velasco et al.
2012), however a more recent investigation has shown
how, when the PCM hysteresis is modelled, and the
melting/re-solidification process is not complete,
relevant discrepancies between simulated and
experimental values are seen (Goia et al. 2018).
However, this phenomenon is particularly relevant for
PCM characterised by high thermal hysteresis, which is
usually less evident in paraffin-based PCM (such as the
material chosen for this study).

Conclusion
The results of the robustness (parametric) analysis
demonstrate that PCM-enhanced building components
are robust solutions to assure a high-energy
performance. Even if boundary conditions differ from
that originally used in the design phase, the adoption of
PCM-based constructions does not lead to an increase in
the risk of unwanted effects.
Different categories of variations in boundary conditions
have been tested and, for almost all the cases, the PCMbased office building presents not only a better
performance, if compared to that of an equivalent
building without PCM, but a greater insensitivity (i.e.
robustness) towards variations in the operations. Among
all the categories analysed, a change in the internal gain
(and in particular either in the lighting load or in the
equipment load) is the one with a greater impact on the

energy performance, while other categories (such as
outdoor boundary conditions, material properties, and
PCM properties) only show a limited impact.
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Abstract
Among the building’s categories, office buildings are one
of the largest consumers for heating and cooling the
indoor space. Within this article it is shown that with the
right architectural and engineering design it is possible to
build a low energy consumption office building. The
building under study consists of a basement, a ground
floor, 5 identical floors and a 6th floor, overlooking a
partially converted terraced roof. The south-east facing
façade is configured as a ”Trombe wall” (for energy
efficiency purposes) and the whole building is crossed by
a greenhouse, also to reduce energy demand during winter
season. We have 3D modelled the entire building under
Design Builder and we have run simulations with a time
step of ½ hour. Along with the ”Trombe wall” and the
greenhouse the building is equipped with a field of
photovoltaics for electric production and a green roof. The
buildings itself is very well insulated, the windows are
triple glazed and represent 70% of the walls’ total surface.
To reduce the cooling demand, the windows are equipped
with automatic external blinds that close themselves when
the solar irradiation is higher than 120W/m². The final
annual building demand is 32,725.28 kWh for heating and
64299.55kWh for air conditioning. By bringing it to the
net conditioned area of the building (2645.72 m²), final
demand is worth 36.7 kW/m²/year which makes this
building a highly efficient one. The article originality
arises from the architecture of the studied building mixed
with passive and active solutions to achieve low energy
consumption and high indoor comfort.

Introduction
Improving the energy efficiency of office buildings is a
major challenge to achieve the goal of reducing
greenhouse gas emissions by 2050. For this important
task, all the European Union countries established
national energy plans for rehabilitation or construction of
new projects leading with sets of technical solutions,
methods and procedures relating to envelope components,
climate systems, architecture, energy management and
environmental impacts to achieve buildings with a high
level of energy performance and indoor comfort. During
the last decades many research articles were published on
this topic. Guang et. al (2016) have developed a novel
method to predict the energy consumption of an office
building. Their study was validated with different
topologies of buildings. Rui et al. (2017) have established
a building energy database for 30 Hong Kong office

buildings and have predicted the energy consumption
using two modelling techniques. A Brazil team of
researchers Veloso et al. (2017) were focused on the
analysis of architectural elements (type of glass, window
to wall ratio, average absorptance of walls, existence of
solar protection) of 102 office buildings. 27 office
buildings were analyzed based on their energy bills by Lu
et al. (2016) and found using multiple linear regression
analysis the significant impact factors on the energy
demand. Using dynamic simulations Gustafsson et al.
(2016) have assessed the energy renovation measures for
multiple European office buildings. They have found that
photovoltaic system can reduce the environmental impact.
Analyzing three different office building typologies Alves
et al. (2016) has calculated the energy consumption and
calculated the Energy Use Intensity. Using dynamic
simulations in order to predict the retrofit measures for an
office building was the work the Ko et al. (2016).
Nomura et Hiyama (2017), in their review article, stated
that natural ventilation is an effective way for reducing
the energy consumption. Neves and Marques (2017) have
analyzed 40 office buildings in Sao Paulo City, Brazil
using computer simulations with the EnergyPlus engine.
They have presented several important parameters for the
envelope to have a low energy building.
The goal of this article is to propose an office building
architecture prototype and to model it in 3D in order to
perform various dynamic simulations of the energy
performance and comfort, to help the design approach as
much as possible to the status of "Low Energy Building”.
Another objective is to show that with correct design
measures and tools we can achieve high-tech energy
efficient buildings.

Office building architecture and its
bioclimatic solutions
The building under study consists of a basement, a ground
floor, 5 floors Identical and a 6th floor smaller,
overlooking a green roof partly done up on terrace. The
south-east facing façade is configured as a ‘Trombe wall”
and the whole building is crossed by a greenhouse in the
middle. The basement consists of a large room containing
the technical equipment of the building, as well as
stairwells and elevator to access it. The ground floor
consists of a circular glass entrance with a revolving door
(zone 1), a large lobby (zone 5), a large amphitheater
(zone 2), a staircase (zone 4) and an elevator shaft (zone
3) – see Figure 2 c). The floors R + 1 to R + 5 contain a
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staircase (zone 5), an elevator shaft (zone 2), a corridor
(zone 7), two offices (zones 3 and 1) 6) and toilets (zone
4). The R + 6 consists of a staircase (zone 2), an elevator
shaft (zone 3), a corridor (zone 5), an amphitheater (zone
1) An office (zone 6) and toilets (zone 4). The ”Trombe
wall” is also modeled by a single block containing a single
zone, and it is adjacent to the ground floor and the floors
R + 1 to R + 5. Each level is equipped with two rows of
vents (one under the ceiling and one above the floor). In
addition, a field of photovoltaic panels is positioned on
the terrace roof of the R + 6 and a part of the roof terrace
of the R + 5 is arranged in vegetal roofing.

double-glazed internal windows over their entire surface
to heat the adjoining rooms during winter period. The
“Trombe wall” consists of an inner wall, a 10.5cm air
blade, and an outer pane. The inner wall consists of a
concrete layer of high thermal inertia with a thin layer of
copper treated with emissivity on the outer surface with a
high solar absorbance. The glass is the same as for the
exterior walls of the greenhouse, except that it is equipped
with external blinds closed during the days if the air
conditioning is on and high solar radiation in order to
avoid summer overheating. The vegetal roofing takes up
the composition of the roof of the building by adding a
layer of vegetated earth.
It can be noticed that we have applied several passive
measures in order to reduce energy consumption of the
building:
• Trombe wall – to reduce cooling demand
• Greenhouse – to reduce heating demand and to
increase the indoor illuminance levels for a perfect
visual comfort inside the building
• Green roof – to decrease the solar radiation heat gains
• Very good insulation of the envelope – to reduce
cooling/heating demand
• External blinds - to decrease the solar radiation heat
gains
• Natural ventilation to be used in certain periods of the
year

Figure 1: 3D Model of the office building
The building was proposed by a team of architects from
Bucharest, ROMANIA in order to be an example of
sustainable and correct bioclimatic solutions applied to
office buildings. The whole project was realized with an
interdisciplinary team of architects, engineers and energy
advisors. The building has a very good insulation level:
for the external walls the U-value = 0.251 W/m2K, for the
internal walls the U-value=2.378 W/m2K, for the ground
floor the U-Value= 0.176 W/m2K and for the roof the Uvalue=0.186 W/m2K. For the openings, the building is
equipped with triple glazed windows filled with an argon
layer. The glazing total solar transmission (SHGC) is
0.47, the light transmission 0.661 and the U-value
calculated based on ISO 10292/EN 673 is 0.786 W/m 2K.
The windows represent 70% of the surface of the walls
and have a height of 2 m and are spaced 2m apart. They
are equipped with closed external blinds when the
radiation of the sun is more than 120W/m² during air
conditioning and at night to limit thermal losses by
radiation. In fact, many researchers found this solution
among the best one in order to reduce the solar heat gains
Bustamante et al. (2017). Ventilation grilles are
positioned under each window. 5% of the window area
can be opened during building occupancy periods to
increase the building's natural ventilation. The
greenhouse is equipped with double-glazed windows with
air gap on the outer walls, and 100% of the exterior
surface is glazed. The internal walls are equipped with

Simulation results and optimization of the
building
For the building simulations the DesignBuilder software
was used. DesignBuilder is a thermal simulation software
for buildings with a dedicated modeling module. It is
addressed to both architects and engineers and makes it
possible to optimize and evaluate various configurations
envisaged in terms of architecture or technical solutions
(insulation, equipment, etc.). The model simulation data
defines the start and end dates of the simulation, the time
step, the temperature control mode, the solar radiation
calculation parameters, and the advanced algorithm
parameters. For this study, multiple simulations were
done on a full year with a time step of 30 minutes. It was
considered in the software the module "3-Full interior and
exterior" solar distribution to take into account the
radiation inputs through the greenhouse. As for the
“Trombe wall”, the model "5-Cavity" algorithm was used
for the calculation of internal convection coefficients. As
it can been seen from Figure 2, the building architecture
was correctly translated in a 3D Model under Design
Builder module and the greenhouse inside the building
was also modeled as a separate thermal zone.

________________________________________________________________________________________________
4986
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
For example, in Figure 3 it can be noticed that during the
period of 15-21 July the outdoor maximum air
temperature is around 34.8oC while minimum values are
below 15oC. The wind speed values are between 0 to 7
m/s while the maximum solar direct radiation is 0.8
kW/m2 while the diffuse part is 0.18 kW/m2.
Outdoor dew point temp.

Outdoor temperature

Wind speed

Zone 4
Zone 2
Wind direction

Solar altitude

Solar azimuth

Zone 1
Zone 3
Atmospheric pressure

Zone 2

Figure 2: a) Design Builder 3D Model b) Greenhouse
c) Ground floor thermal zones
The activity parameters determine the zone types and
group the scenarios like: occupancy, internal heat gain,
fresh air requirements, heating and cooling temperature
set points, temperature logs for natural ventilation and
domestic hot water demand. The traffic areas include
corridors, staircases and elevators and hall entrance.
These zones are not occupied for long periods and have
therefore a relatively low heating temperature set point
(15°C). The minimum temperature set point for natural
ventilation is 21°C. Below this temperature, the vents and
exterior windows will be closed. Offices have a wider
range of heating and cooling (21°C-heating and 24°Ccooling) to ensure a good level of thermal comfort in these
areas. The minimum temperature set point for the natural
ventilation is 23°C, or 2°C above the temperature set point
of heating to prevent simultaneous heating and fresh air
natural ventilation. All areas will be equipped with
standard terminal units.
The entire air flow required for heating and cooling is
composed of outside air (previously heated or cooled in
an air handling unit (AHU) and a minimum required air
flow is calculated to ensure an air change rate as a
function of occupation. A recovery system for heat
recovery is installed, with a high heat recovery rate of
70%. For the heating system we have considered a highperformance low-temperature boiler. For the air
conditioning system, a heat pump with a COP of 5.5 is
used. Natural ventilation will be preferred and when this
is not able to maintain good indoor thermal comfort than
the air conditioning is used. The basement is neither
heated nor conditioned, but it is naturally ventilated to
ensure air renewal in the room. The greenhouse is
mechanically ventilated at 10 air change rate/hour (ach)
in summer to avoid overheating. The simulations were
carried out for Bucharest climate and access to different
meteorological values was possible.

Direct radiation

Diffuse radiation

Figure 3: Weather data for Bucharest (15-21 July)
The simulation time calculation was more than 10 hours
using a i7 3.2 GHz CPU, 8 Gb Ram Personal Computer.
As concerns the cooling and electric energy consumption
it can be notice that maximum values are 185 kW
(cooling) and 110 kW (electric consumption). These
values are maximum during the summer period. For
certain periods a heat recovery was possible.
Electricity

Gas

Sensible
cooling

Total
cooling

Heat
recovery
sensible cooling

Heat recovery
cooling

total

Figure 4: Cooling and electricity demand of the building
during 15-21 July
As concerns the thermal comfort, we have characterized
it using the operative temperature which is the mean
temperature between the air temperature (aprox. 24 oC)
and the radiant temperature (26oC) of the zones. The
relative humidity in most of the cases is around 50%
(optimal humidity) except certain hours when the values
go up to 70%. The thermal comfort achievement during
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summer season was also measured using the PMV index
(-3 very cold / -0.5 to 0.5 optimal / +3 very hot) and it can
be observed from Figure 5 that the PMV values are below
+0.5 and higher than 0 in most of the cases, except the end
of the week and during weekend.
Air temp

Radiant
temp.

Operative
temp

Outdoor
air temp.

Relative
humidity

kWh/m²/year of electricity for air conditioning. The
building thus has an energy performance ratio of 0.88,
which allows it to be classified at the "Exceptional" level
using the BREEAM Energy Scale. The total consumption
of the building (heating, air conditioning, interior lighting,
interior fittings, fans, pumps, domestic hot water)
amounts to 65.21 kWh/m²/year final energy. Within this
article was presented an original architecture of an office
building including a greenhouse and a ,”Trombe wall”.
Using numerical simulations, it was shown that the
passive and active proposed solutions during design stage
are valid and have a tremendous impact on the building
energy balance.

Acknowledgments
PMV Index

Figure 5: Different parameters for the assessment
indoor thermal comfort (15-21 July)
The final annual building demand is 32,725.28 kWh for
heating and 64299.55kWh for air conditioning. By
bringing it to the net conditioned area of the building
(2645.72 m²), final demand is 36.7 kWh/m²/year. Heating
is provided by natural gas, while air conditioning is
provided by electricity. Primary energy consumption is
calculated by applying the factors for gas and electricity:
3,167 for electricity and 1,084 for gas. Therefore, the
building has a primary energy consumption of 90.4
kWh/m²/year of primary energy. For CO 2 emissions we
apply the Romanian emission factors to the final energy
consumption: 0.205kgCO2/kWh for gas and 0.09 kgCO2
kWh for electricity. This gives the total CO2 emissions of
4.72 kgCO2/m²/year. The photovoltaic potential in
Bucharest is substantially equivalent to that of the south
of France. We will therefore favor the production of
photovoltaic energy by placing on the roof of the 6 th floor
a surface of 112.83 m2 of monocrystalline photovoltaic
panels. The PV-array generates 18622.75 kWh of
electricity this representing almost 15% of the total
electricity consumption of the building (heat pump, fans,
pumps, interior lighting, internal equipment) and 25% of
electricity consumption of air conditioning.

Conclusions
The building simulation optimized the building's energy
consumption, thermal comfort and natural lighting by
considering the characteristics of building materials, the
passive
and
active
solutions
including
heating/cooling/natural ventilation strategies for different
areas. The building achieved thermal comfort in most of
the cases. During the hottest summer week, the values of
thermal comfort index PMV were slightly higher than
+0.5, while the operative temperature was at 25 oC. The
building has an annual consumption of 12.37
kWh/m²/year of natural gas for heating and 24.67
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Abstract
The object of this paper is the analysis of a Social
Housing building-type in the north of Italy, with the goal
of reducing the energy consumption. The proposed
methodology allows, once different hypotheses of
energy refurbishment intervention on the existing
building have been identified, to evaluate at the same
time both technical and cost feasibility. The compliance
with Italian nZEB requirements was also verified. The
approach is based on the execution of detailed dynamic
simulations (energy audits), combined with optimization,
which allow to identify the set of retrofit actions that
would determine the lowest global cost during the
building lifecycle.

Introduction
The European Union policy is strongly focused on the
energy saving and on the reduction of the current energy
consumption. In this context the role of the existing
building stock is increasingly important.
According to the last Italian census (carried out in 2011),
the Italian residential building stock amounts to almost
12 200 000 buildings (about 84% of the buildings on the
Italian territory), with a total floor surface of about 2950
Mm2. Moreover, Italy spends 45.2 billion euros each
year for thermal and electrical consumption in existing
residential buildings (CRESME, 2014), corresponding to
around 30 Mtoe (Eurostat statistics). This is mainly due
to the fact that, about 26% of residential buildings were
built before the Second World War, about 60% was built
between 1945 and 1990, while only the remaining 14%
was built after 1991 (Corrado and Ballarini, 2016), and,
therefore, after the first important Italian energy law,
Law n°10/1991. The characteristics of the residential
buildings in Italy and in the Piedmont Region were
thoroughly investigated, regarding the building
technologies, their thermal properties and the systems
for the heating, cooling and DHW production (EEAP,
2014; Corrado and Ballarini, 2016).
The case study analysed in the following sections, was
chosen among this typology of residential building, so as
to be as representative as possible of the whole category.
Energy audits and cost-optimal analysis of residential
buildings
The proposed procedure (a cost-optimal analysis
combined with a detailed energy audit) was already
developed by the authors (Corrado et al., 2017). It was

used for the evaluation of the energy refurbishment
strategies of school and office buildings (Corrado et al.,
2017). In this research it was then applied to residential
buildings.
On the one side, the evaluation of the energy
performances of buildings are widespread; in Rhodes et
al. (2015), the accuracies of the most common procedure
are investigated. On the other side, the interest in the
cost-optimality is still increasing and several
methodologies are proposed in literature. For example,
Dalla Mora et al. (2018), propose a methodology based
on a life cycle cost assessment aimed to minimise the
CO2 emissions (thermal properties, natural lighting,
indoor air quality and acoustics are also considered as
co-benefits). In Dodoo et al. (2017), cost-effectiveness
of the energy refurbishment of a multi-storey residential
building is evaluated considering the total and marginal
investment costs of the measures, and also their net
present value of total and marginal savings. Finally,
Ascione et al. (2015), proposes to select the cost optimal
solution considering also the minimum comfort level.
Nearly Zero Energy Buildings requirements for
residential buildings
The requirements of nearly Zero Energy Buildings
(nZEB) considered in the analysis are in conformity with
the Interministerial Decree (I.D.) June 26th, 2015 and
summarised in Table 1.
Table 1: nZEB requirements (I.D. June 26th, 2015).
Parameter
2

H’T [W/m K]
Asol,sum/Af [-]

H [-]
W [-]
C [-]
EPH,nd [kWh/m2]
EPC,nd [kWh/m2]
EPgl,tot [kWh/m2]
For residential
buildings:
EPgl,tot = EPH+
EPW+ EPV+ EPC

Criteria
H’T < H’T,limit (depending on the building
compactness ratio and the climatic zone)
Asol,sum/Af < (Asol,sum/Af)limit
(depending on the building category)
H > H,limit (reference building)
W > W,limit (reference building)
C > C,limit (reference building)
EPH,nd < EPH,nd,limit(2019/21)
(reference building)
EPC,nd < EPC,nd,limit(2019/21)
(reference building)

EPgl,tot < EPgl,tot,limit(2019/21)

Furthermore, with the exception of buildings connected
to a district heating network that covers the entire
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heating and DHW energy needs, the following use of
renewable energy sources must be ensured: a minimum
Renewable Energy Ratio (RER) for heating, cooling and
DHW production equal to 50%, a minimum RER for
DHW production equal to 50%, and a minimum
electrical power [kW] powered by renewable energy
sources [kW] equal to 1/50 of the building footprint
[m2].
Aims of the research
The performed activities concerned the detailed energy
audit of a building, located in the province of Turin,
representative of the local residential building stock. The
energy simulations were performed with the software
DesignBuilder, which is an interface of EnergyPlus.
The aim was to identify energy retrofit interventions
framed in a major renovation of the building, in
compliance with the current legislative provisions. The
energy refurbishment solutions have to comply both with
the requirements of the I.D. June 26th, 2015 and with
economic feasibility. This second aspect was
investigated through a cost-optimal analysis, combined
with a detailed building energy simulation, with a 30
years calculation period.
In the present work, the considered packages of energy
refurbishment measures guarantee that:
 the energy performance index (EP), expressed in
kWh/m2, is lower than that determined with the costoptimal methodology (Corrado et al., 2013);
 the difference in global cost (ΔGC) between the
building after the various energy refurbishment
measures and at the present state is negative;
 all the energy performance requirements defined at
national level for a nZEB building are met (Table 1).
Therefore, two different intervention configurations
were identified: the cost-optimal solution (minimisation
of the costs), and the nZEB solution (increased levels of
thermal performance and greater exploitation of
renewable energy sources).

Methods
Building energy audit
The detailed energy audit was performed in accordance
with EN 16247 parts 1-3, as described in Corrado et al.
(2017).
In the pre-retrofit phase, the building is analysed in its
current state and two different energy assessments are
performed (as defined in EN ISO 52000-1): the
Operational Energy Performance Assessment (OEPA),
and the Tailored Energy Performance Assessment
(TEPA). The former is based on the current building
energy consumption, while the latter is carried out
through dynamic simulations assuming the real climatic
data and the actual users behaviour. The results of the
two energy performance assessments are then compared,
to calibrate the model. Calibration and evaluation of its
accuracy (through statistical indices) are carried out
according to ASHRAE Guideline 14 (2014). Starting
from the calibrated model, a further energy assessment

step is performed, defined as Calibrated Tailored Energy
Performance Assessment (CTEPA), characterized by
actual user data and standard climatic data, so as to make
the subsequent analyses independent from the particular
climatic conditions that occurred in a specific year.

Figure 1: Detailed energy audit procedure.
The post-retrofit phase includes energy and economic
analyses aimed at studying the effect of possible energy
efficiency measures. For each selected configuration, the
energy class is determined, through a Standard Energy
Performance Assessment (SEPA), by applying the
notional reference building approach, in compliance with
the I.D. June 26th, 2015.
The verification of the minimum energy performance
requirements at the national level was carried out in
accordance with UNI/TS 11300-5. In accordance with
ISO 52000-1, the building's energy performance is
defined in terms of non-renewable primary energy
(EPnren) and Renewable Energy Ratio (RER). The
primary energy conversion factors, applied to the
supplied energy, are obtained from the I.D. June 26th,
2015, while the ISO 52000-1 standard provides the CO2
production factors.
The input data relating to building and technical building
systems required for the energy simulations were
obtained from technical documentations and on-site
inspections. The hourly real weather data were provided
by ARPA Piemonte, while the hourly standard climate
data were developed by the Italian Thermo-technical
Committee (CTI).
Cost-optimal analysis
The economic evaluation was based on the global cost
calculation, as specified by the EN 15459 standard. The
identification of the cost-optimal energy efficiency
measures was carried out by means of a sequential
search-optimisation technique, based on the optimization
algorithm NSGA-II (Elitist Non-Dominated Sorting
Genetic Algorithm), as described in Corrado et al.
(2014).
For the assessment of the global cost the following
assumptions were used:
 calculation period of 30 years;
 energy costs, maintenance costs, and replacement
costs (after 15 years for generation and emission
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systems, and after 10 years for windows) were
considered;
 real interest rate of 4%, and VAT of 22%;
 costs of electricity and natural gas supplied by the
Italian Regulatory Authority for Energy, Networks
and Environment (ARERA);
 annual maintenance costs varying from 0% to 4% of
the investment cost, depending on the technology;
 the service life of the construction elements was set
at 20 years, while for the plants the service life was
variable between 15 and 20 years.
The costs of the energy efficiency measures were
derived from market surveys.

Case study
The selected case study (Figure 2) is a social housing
building, located in the suburbs of Torino (north of
Italy), in the climatic zone E (2100 °C·d < HDD ≤ 3000
°C·d), built between the end of the eighties and the
beginning of the nineties. This building is representative
of a large number of buildings that, although built after
the first laws on energy saving, have some hygrothermal
critical issues (such as discontinuity of the insulating
layer, mould problems in correspondence of thermal
bridges, etc.).
The load-bearing structure is made up of reinforced
concrete pillars, coupled with external cavity wall
insulated with 4 cm of expanded polystyrene (EPS).

a)

b)
Figure 2: Building façades. a) East; b) North.
The building consists of six floors above ground (the
first is the not inhabited entrance), plus a non-habitable
attic floor. There is no basement, the lower floor of the
building is a slab on grade, while part of the floor
between the first and second floor above ground is
exposed to the external environment (cantilevered slab).
Table 2 summarises the main geometric characteristics
of the building.
Table 2: Main building geometrical data.
Characteristic
Gross heated volume
Net floor surface
Opaque envelope surface
Windows surface
Building compactness ratio

Symbol
Vg
Af
Aop
Aw
S/V

M.U.
m3
m2
m2
m2
m1

Value
5967
2166
1966
247
0.33

The information obtained from the technical
documentation relating to the opaque and transparent
envelope components were verified through in situ
inspections. The thermal properties of the envelope
components are summarised in Table 3.

Table 3: Main building thermal performances.
Parameter
Vertical opaque envelope U-value
Vertical opaque envelope
U-value (ground floor)
Windows U-value (average)
Stairs windows U-value
Upper slab U-value
Lower slab U-value
Intermediate slab U-value
Roof U-value
Boiler efficiency

Symbol M.U. Value
Uop
W/m2K 0.45
Uop,g

W/m2K

1.70

Uw
Uw,s
Us.u
Us,l
Us
Ur
η

W/m2K
W/m2K
W/m2K
W/m2K
W/m2K
W/m2K
%

3.17
5.06
0.80
0.71
1.47
1.93
91.4

Each apartment is served by an independent system for
the combined heat and DHW production. The boilers,
fuelled by methane gas, have a useful thermal power of
23 kW, and a useful efficiency declared by the technical
data sheet equal to 91.4%, at 100% of the rated heat
output. The control of the heating system is managed by
a room thermostat. The emitting terminals consist of
radiators, installed on internal walls. The heating system
operates continuously, with the set-back temperature set
by the user.
Ventilation is ensured only by window opening and
infiltration (absence of a mechanical ventilation system).
Occupancy, energy consumption survey
In order to create an accurate model of the building to
perform the energy audits, it is necessary to establish the
real user profiles. In this way, it is possible to evaluate
the occupation factor correlated to the number of
occupants, the actual hours of presence inside each
apartment, the users habits that influence the energy
behaviour of the building. A typical occupation profile
concerning to the most common family typology, was
defined on the basis of the collected data.
The building energy consumption during the analysed
heating season (2017/2018) was obtained from the bills
collected during the inspections. The heating period for
the climatic zone E, is fixed from October 15 th to April
15th. The energy consumptions were divided according
to the final use (space heating, DHW and food cooking)
and related to the HDD of the considered heating season
(Table 4).
Table 4: Measured energy consumption.
DHW
and
Heating
Period
cooking
[kWh] [kWh]
[kWh]
Oct19 - Dec15, 2017
2775
468
2307
Dec16 - Feb09, 2018
3379
448
2931
Feb10 - Apr19, 2018 3581*
448
3133
(*)Estimated energy consumption
Total

HDD
[°C·d]
717
865
866

Modelling options
The input data required for the development of the
detailed dynamic simulation model are related to the
climatic conditions, the geometrical and thermal
characteristics of the building and the users behaviour.
The envelope components were defined as previously
described (Table 3). The evaluation of thermal bridges
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on the façades was carried out using the indications
provided by the thermal bridges abacus (Capozzoli et al.,
2011).
Each apartment of the building was modelled as a single
thermal zone. The internal gains were defined in
accordance with the UNI/TS 11300-1 standard. The
analysis was carried out on the reference apartment
(second floor, north-west exposure), and then the value
of the internal gains density was applied to all the thirty
thermal zones, as no detailed information about the users
habits for the whole building apartments was available.
The utilization profiles for windows and solar shading
devices were obtained from the questionnaires submitted
to users, by distinguishing between the living area and
the sleeping area.
The natural ventilation rates are calculated from the
wind speed, the pressure difference between the internal
end the external environment, and the size of the
openings (according to the EN 16798-7 standard).
The modelling of the heating system and DHW was
carried out using the EnergyPlus option "HVAC
detailed" method, with continuous operation. The
nominal thermal efficiency value used is equal to 0.824
(evaluated in accordance with the DesignBuilder
requirements). The thermostat set-point temperature is
equal to 21 °C, while the set-back temperature is 18 °C.
Energy Efficiency Measures (EEMs) and related
costs
The considered energy efficiency measures (EEMs)
concern both the building envelope and the technical
building systems, as required by the I.D. June 26th, 2015
for an first level major renovation, and are summarised
in Table 5.
Table 5: Energy Efficiency Measures (EEMs).
n°
EEM
Parameter M.U.
1 Opaque envelope thermal insulation
Uop
W/m2K
2
Upper slab insulation
Us.u
W/m2K
3
Lower slab insulation
Us,l
W/m2K
Windows replacement (apartments
4
Uw; Uw,s W/m2K
and stairs)
5
Unmovable shading devices
Fsh,ob
Heat generator replacement (heating
6
ηgn,H; COP
and DHW)
7
Solar collectors installation
Acoll
m2
8
Photovoltaic panels installation
Wp
kW

For each EEM, from one to three different performance
levels (Energy Efficiency Options - EEOs) were
considered.
Among the technological solutions of the thermal energy
generators, the following autonomous alternatives were
considered: current boilers, condensing boilers, and heat
pumps. The use of photovoltaic panels was considered
only coupled with the replacement of the generator with
heat pumps. The PV system was sized in accordance
with the UNI/TS 11300-4 standard, while the DHW
plant was sized as specified in MISE (2018).
The values of the energy performance parameters and of
the respective costs of each EEM are shown in Table 6.

Table 6: Energy Efficiency Options (EEOs) and costs.
n°
EEM
1
2
3

4

5
6
7
8

Parameter;
Cost
Uop [W/m2K]
C/Af,n [€/m2]
Us.u [W/m2K]
C/Af,n [€/m2]
Us,l [W/m2K]
C/Af,n [€/m2]
Uw [W/m2K]
C/Af,n [€/m2]
Uw,s [W/m2K]
C/Af,n [€/m2]
Fsh,ob [-]
C/Af,n [€/m2]
ηgn,H/COP
C [€]
Acoil [m2]
C [€]
Wp [kW]
C [€]

1
CB
CB
CB
CB
CB
CB
CB
CB
10
12500

EEO
2
0.29
93.06
0.26
9.31
0.29
24.14
1.8
534
2.8
337
0.96
15.09
1
70500
30
24120
12
15000

3
0.25
98.04
0.24
9.96
0.26
27.06
1.4
615
0.89
18.29
4.1
195000
36
28944
14
17500

The cost, defined as indicated in MISE (2018), includes
the cost of the technology, its maintenance and possible
replacement, the installation and the hypothetical
disposal of the solution to the Current Building (CB).
According on the EEM, They are expressed, either in
€/m2 (C/Af,n) or in € (C).
The interventions involving the insulation of the opaque
envelope were subject to thermo-hygrometric
verification, to exclude interstitial and superficial
condensation. No condensation phenomena were
observed.

Results and discussion
Calibration of the energy model
The objective of the calibration of the model is to match
the delivered thermal energy resulting from the TEPA of
the reference apartment, with the one obtained by the
OEPA. The calibration was made through the adjustment
of the following parameters (always in compliance with
the indications of the real user):
 from March 15th to April 15th and from October 1st to
15th the opening time of the bedroom windows in the
morning was increased to 1 hour and 15 minutes,
 the generation system efficiency was corrected
considering the upper calorific power supplied by the
company providing the methane gas (η = 0.807),
 the set-back temperature of the heating system was
been increased by half a degree Celsius (18.5 °C),
and
 the internal heat gains were reduced by 3%.
Figure 3 shows the results of the calibration.
The quality of the calibration was verified, in accordance
with the statistical indices, defined in ASHRAE (2014).
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Figure 3: Comparison between the delivered thermal
energy in relation to the HDD (OEPA and CTEPA).
Building energy performance
The CTEPA was then extended to the building level and
performed using the standard climatic data of Torino.
The energy performance indices at the building level are
shown in Figure 4.

Figure 5: Cost-optimal analysis outputs.
Table 7: Cost-optimal configuration: EEM and EEO.
n°
EEM

Parameter

EEO
Value n°

Opaque envelope
Uop [W/m2K] 0.45*
thermal insulation
2
Upper slab ins.
Us.u [W/m2K]
0.26
3
Lower slab ins.
Us,l [W/m2K]
0.26
Windows replac. (flats) Uw,avg [W/m2K] 3.17*
4
Windows replac. (stairs) Uw,s [W/m2K] 5.06*
5
Unmovable shading
Fsh,ob [-]
1*
Solar collectors
2
7
Acoil [m ]
36
installation
(*) Current Building values
1

Figure 4: Building energy performance (CTEPA with
standard climate data).
The obtained net energy need for space heating is equal
to 57.6 kWh/m2, while for DHW production is 18.1
kWh/m2. The total overall energy performance of the
building (which is the ratio between the yearly primary
energy use and the conditioned floor area) is about 140
kWh/m2, and the related global cost over 30 years is 267
€/m2. Through this energy assessment, the
environmental impact of the building was been
determined, in terms of annual CO2 emissions per unit of
floor area, equal to 28.5 kg/m2. According to the I.D.
June 26th, for the energy classification of the simulated
reference apartment, a standard energy rating (SER) was
carried out by applying the technical specifications of
the UNI/TS 11300 series. The SER considers both the
standard climate and the standard user. Indeed, the
reference apartment is classified as D, with 101 kWh/m2
of yearly non-renewable primary energy use.
Cost-optimal configuration
Since the current building has already fairly good energy
performances, almost all energy requalification measures
entail excessively high costs compared to the energy
savings that would result, especially if replacement of
generation plants are supposed. For this reason, only the
cost-optimal results obtained preserving the current
generation system (traditional boiler) are shown, as they
represent the interventions with higher technical and
economic feasibility (Figure 5).
Table 7 summarises, for each EEM, the cost-optimal
EEO (lowest value of EPgl,nren in Figure 5).

EEM

1
2
3
1
1
1
3

Considering a period of 30 years, the cost-optimal
solution causes a global cost reduction of about 30 €/m2,
with an energy saving slightly lower than 20% (ΔEPgl,nren
= 26.5 kWh/m2).
The energy performance indices at the building level of
the cost-optimal solution are shown in Figure 6.

Figure 6: Cost-optimal energy performance (CTEPA
with standard climate data).
The cost-optimal net energy need for the heating is equal
to 50.1 kWh/m2, while for the DHW production remains
18.1 kWh/m2. The total overall energy performance of
the building is about 120 kWh/m2, and the related global
cost over 30 years is 240 €/m2. The annual CO2
emissions per unit of floor area is equal to 23.0 kg/m2.
Subsequently, a SER was performed, in order to
calculate the cost-optimal energy performance indices in
terms of primary energy. These indices were then
compared with those obtained for the notional reference
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building, as required by the I.D. June 26th, 2015 (Table
8), which represent the limits that the analysed building
must comply with. In Table 8, the grey cells represent
the energy performance indices which verify the limits
imposed by the I.D. June 26th, 2015.
As for the current building (pre-retrofit), the energy
classification of the reference apartment in the case of
cost-optimal solution was evaluated, which appears to be
in class C (EPgl,nren equal to 83.7 kWh/m2).
Table 8: Cost-optimal configuration: energy
performances indices and limits.
Index

Cost-optimal
building

H’T [W/m2K]
Asol,sum/Af [-]
EPH,nd [kWh/m2]
EPgl,tot [kWh/m2]
H [-]
W [-]
RERW [%]
RERH+C+W [%]

0.84
0.04
65.0
83.0
0.61
0.79
54%
12%

Limit
Limit
enforced
enforced
since 2015 since 2021
0.75
0.04
25.1
19.5
86.1
77.4
0.61
0.59
0.40
0.40
50%
50%

nZEB configuration
For the nZEB configuration, an invertible heat pump was
considered as a generation system (for heating, cooling
and DHW), with the consequent replacement of the
current radiators with fan coils.
Table 9 shows for each EEM the EEO that allows to
reach the nZEB target (compliance with the year 2021
limit values of the energy performance indices,
determined for the reference building, as indicated in the
I.D. June 26th, 2015).
Table 9: nZEB configuration: EEM and EEO.
n°
EEM
1
2
3
4
5
6
7
8

EEO
Value n°

EEM

Parameter

Opaque envelope
thermal insulation
Upper slab ins.
Lower slab ins.
Windows replac.
(apartments)
Windows replac. (stairs)
Unmovable shading
Heat pump
Solar collectors
Photovoltaic panels

Uop [W/m2K]

0.29

2

Us.u [W/m2K]
Us,l [W/m2K]

0.24
0.26

3
3

Uw [W/m2K]

1.4

3

2.8
0.89
4.1
36
14

2
3
3
3
3

2

Uw,s [W/m K]
Fsh,ob [-]
COP [-]
Acoil [m2]
Wp [kW]

The energy performance indices at the building level of
the cost-optimal solution are shown in Figure 7.
The nZEB net energy need for the heating is equal to
32.7 kWh/m2, for the DHW production remains 18.1
kWh/m2, and for the cooling is 14.3 kWh/m2. The total
overall energy performance of the building is about 118
kWh/m2. The nZEB solution determines an energy
saving of about 54% compared to the cost-optimal
solution, in terms of global non-renewable EP, against a
total cost increase of about 275 €/m2 (the nZEB solution
cost is about 480 €/m2). The nZEB annual CO2

emissions amount to about 9 kg/m2 (less than half of the
cost-optimal solution).

Figure 7: nZEB energy performance (CTER with
standard climate data).
The comparison between the energy performance indices
(primary energy) calculated using a standard user of the
nZEB solution, and the legislative requirements (I.D.
June 26th, 2015) is shown in Table 10. A critical issue is
represented by the verification of the EPH,nd. This
behaviour is, anyway, common for very thermally
insulated buildings, where it is very difficult to
simultaneously meet both the requirements on heating
(EPH,nd) and those on cooling (EPC,nd) (Corrado et al.,
2017 Report ENEA). The energy class for the nZEB
reference apartment is A2 (with an EPgl,nren equal to 45.3
kWh/m2).
Table 10: nZEB configuration: energy performances
indices and limits.
Index

nZEB
building

H’T [W/m2K]
Asol,sum/Af [-]
EPH,nd [kWh/m2]
EPC,nd [kWh/m2]
EPgl,tot [kWh/m2]
H [-]
C [-]
W [-]
RERW [%]
RERH+C+W [%]

0.37
0.03
21.0
22.0
61.5
0.50
0.88
0.69
51%
74%

Limit
Limit
enforced
enforced
since 2015 since 2021
0.75
0.04
25.7
19.6
22.1
22.7
131.0
124.7
0.50
0.48
0.80
0.79
0.35
0.33
50%
50%

Sensitivity analysis
Through a sensitivity analysis, the influence of the
individual EEM on the overall energy needs of the
building was assessed (in terms of EPgl). The following
EEMs were considered:
 insulation of the first and the last slabs (levels EEO2
and EEO3);
 energy refurbishment of the whole opaque building
envelope, which means the vertical envelope, and the
first and the last slabs (levels EEO2 and EEO3);
 use of solar panels (levels EEO2 and EEO3);
 replacement of the generation system with a gas
condensing boiler.
The results are shown in Figure 8, where, for each case
analysed, the values of the non-renewable overall EP, is
compared to the renewable overall EP; the percentage is
the EPgl,nren variation compared to the CB condition.
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Figure 8: EPgl,tot obtained from the sensitivity analysis
for each type of intervention.
The intervention on the slabs reduces the non-renewable
primary energy use of about 10%, compared to the CB.
If combined with the insulation of the vertical opaque
envelope, this reduction reaches 37% and 40%, for the
minimum performance level required in 2015 and 2021,
respectively. With only the solar thermal intervention,
the savings on EPgl,nren is approximately 12% (for both
EE2 and EE3). Moreover, the use of condensing boilers
would lead to a reduction of 17% in the non-renewable
primary energy needs.
The nZEB solution is not directly comparable with the
others, as the energy needs are also affected by the
summer cooling. Indeed, the data related to heating and
DHW production were separated from those for cooling.
The EPH+W of the nZEB solution is significantly lower
than both the CB and the cost-optimal solution. In
particular, the EPgl,nren decreases respectively by 74%
and 67%, with a use of renewable energies almost eight
times higher than in the cost-optimal solution (due to the
presence of both solar thermal and photovoltaic system).
Figure 9 shows the global costs of all the analysed
EEMs, divided into investment costs, maintenance and
management costs, and energy costs. The percentages in
the figure refer to the change in global cost compared to
the current building (* in the case of the nZEB solution,
the percentage refers to the global cost, excluding the
energy cost for summer cooling). The energy cost of the
nZEB solution is influenced by the contribution for
summer cooling, although it is in any case extremely
low, compared to the current situation. This contribution
is equal to about 17% of the total energy cost (black
coloured in Figure 9). The energy cost savings obtained,
however, are thwarted by the very high investment cost.
For all the analysed measures, while the global cost is
slightly reduced (between 5%, for interventions on the
opaque envelope and slabs, and 11%, in the case of
intervention only on the slabs), the individual cost items
are significantly variable (in particular, the investment
and the energy costs). For example, in the case of the
entire opaque envelope insulation, the energy cost is
considerably reduced, almost 40%, while the investment
cost is significantly higher than all other single measures
considered.

Figure 9: Global Costs obtained from the sensitivity
analysis for each type of intervention.

Conclusions
The research activity concerned the energy audit of a
building located in the province of Torino, representative
of the residential building stock in the climate zone E.
The aim was to identify energy retrofit interventions
framed in a major building energy renovation,
complying with the current legislative provisions (I.D.
June 26th, 2015). This was pursued through an
innovative analysis methodology, based on detailed
dynamic simulations, model calibration and associated
cost-optimization of the supposed Energy Efficiency
Measures (EEMs). The EEMs were, indeed, selected to
identify the refurbishment solution characterised by the
lowest global cost over a period of 30 years (costoptimal solution). It was observed that this solution
didn’t meet the nZEB requirements. Therefore, a new
configuration, characterised by the highest levels of
Energy Efficiency Options of the involved EEM (except
for the insulation of the opaque envelope), and able to
exploit more renewable resources, was selected. The so
identified nZEB solution allows a halving of the energy
consumption in terms of EPgl,nren, compared to the costoptimal solution, but causes almost a doubling of the
total investment cost, compared to the current building
(excluding the summer period energy costs).
Finally, through a sensitivity analysis, it was
demonstrated that the interventions that involve greater
exploitation of renewable sources are those that allow
greater energy savings, second only to the whole opaque
envelope insulation (which required a significant initial
investment cost).
The use of dynamic simulation for cost-optimal analysis
is an advanced and not common approach, which
requires particular attention in the programming phase of
the simulations, and in the definition of the input data.
For example, the number of simulation runs (and,
consequently, the required time for each optimization) is
strongly influenced by the complexity of the model. Also
the cost evaluation requires some assumptions and
simplifications. Therefore, to maximize the potential of
this approach, which allows simulating very accurately
the actual building energy behaviour, it is fundamental to
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carefully evaluate all the critical issues that can be met,
especially in the case of large and complex models.
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Nomenclature
Symbol
A
COP
EP
Fsh
GC
H’
RER
S/V
U
V
W
η

Quantity
Area
Coefficient of performance
Energy performance index
Shading factor
Global cost
Mean overall heat transfer coefficient
Renewable energy ratio
Compactness ratio
Thermal transmittance
Volume
Power
Efficiency

Unit
[m2]
[-]
[kWh/m2]
[-]
[€]
[W/m2K]
[-]
[1/m]
[W/m2K]
[m3]
[W]
[-]
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Abstract
This paper focuses on a novel energy management
approach, namely Building to Vehicle to Building
(V2B2), conceived for cluster of buildings connected in
micro-grids, by considering electric vehicles as vector
devices for renewable energy exchanges. The main goal
behind this concept is to benefit from the potentiality of
electric vehicles toward the achievement of the zeroenergy target, extended to the buildings of a virtual microgrid, by exploiting off-site the PV generation. To this aim,
a dynamic simulation model is suitably developed for the
building energy demands and loads assessment, taking
also into account the vehicles energy use. PV electricity
is stored in the vehicle batteries and dispatched to other
buildings or, at last, to the power grid.
In order to show the advantages of the proposed concept
and the potentials of the developed simulation tool,
implemented in TRNSYS, a suitable case study is
conducted. It refers to a non-residential net zero energy
building where PV panels are installed for renewable
energy production, also supplied to three electric vehicles.
These also acts as energy vectors providing stored
electricity to two other buildings, where off-site
renewable energy is exploited. At the micro-grid level, the
match between renewable generation and system demand
(buildings and electric vehicles’ needs) is enhanced,
reducing the grid operation and boosting the system
economic convenience.

Introduction
Recent international directives require lower building
energy consumption and reduced pollutant emissions of
cities. In this regard, Electric Vehicles (EVs) are
considered key devices to reach this target. Their storage
capacity could be exploited, besides electric motion
needs, for the renewable energy transfer from one
building to another. Such novel building energy
management approach is namely Building to Vehicle to
Building (V2B2). In this way, the NZEB goal can be
achieved also by buildings that for some reason cannot be
refurbished (economic or architectonic constraints, etc.).
Such EVs can be also used for electricity dispatchment to
the electricity power grid. At this moment, literature
papers on this topic appear still rather rare. Besides the
first work on V2B2 (Barone et al., 2019), few studies were
conducted (De Angelis F. et al., 2013; Kuang Y. et al.,
2017; Salpakari J. et al., 2017).

In order to assess the energy saving and the economic
convenience of the microgrid obtained through this novel
approach, suitable calculation tools were developed by
the authors. A comprehensive tool was developed in
MatLab, with the aim to investigate the energy and
economic performance of microgrids consisting of a
house and an office building connected by an EV
(featuring a basic nucleus based on human activities). The
EV acts as transfer vector for the electricity produced by
tilted roof or vertical façade PV panels alternatively
installed on one building (Barone et al., 2019). Results
obtained for the case study, characterized by shifted
electricity production (from renewable energy sources,
RES) and demand, showed interesting energy and
economic savings with respect to a traditional system
(without PV): the grid electricity consumption was
remarkably reduced up to 45 and 77% as a function of the
simulated V2B2 scenarios.
In this paper, the V2B2 concept is applied to a novel
analysis, carried out to assess the energy and economic
performance of a virtual micro-grid consisting of multiple
users which require electricity simultaneously to the PV
production. Specifically, the study refers to a cluster of
three buildings (one of them equipped by BIPV panels)
connected through three EVs. Here, the V2B2 scheme
(buildings, PV panels, electric vehicles, and energy
storage systems) are suitably modelled in TRNSYS.
Bidirectional electricity exchanges among the grid, as
well as buildings and mobility consumptions are
dynamically simulated. Energy and economic indexes are
calculated to assess the system effectiveness for the
weather zone of Naples (Italy). Results show that the grid
electricity consumption is significantly reduced, and the
match between demand and production is enhanced.

System description
In the framework of the proposed V2B2 concept, the EV
acts as energy user, storage and vector, with the aim of
contributing to the achievement of the net or nearly zero
energy target at a micro-grid level. The EV stores
renewable electricity and transfer it from one building to
other ones. The system efficiency depends on the
efficiency of installed RESs as well as on EV motion and
final building demands. In this paper, the investigated
micro-grid layout, shown Figure 1, consists of:
• three office users: one office building (namely Main
building) where a RES system is installed and two
office spaces (namely Satellite buildings). Here,
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electric HVAC systems and appliances are installed;
Building Integrated PhotoVoltaic (BIPV) panels on
the tilted roof of the Main building. The PV system
supplies electricity to all offices users (i.e. heating,
cooling, equipment, lights) and to the EVs;
• three EVs which alternatively reach the three
considered buildings, rotating among them as a
function of their daily routes, charging or discharging
their batteries (EVB) depending on the micro-grid
needs (bidirectional operation).
In the following, the system logic of the proposed V2B2
scheme is described in order to show how PV production
and users (offices and EVs) demands/supply are managed
for maximizing the self-consumption of RES within the
micro-grid (reducing the energy provided from and
delivered to the grid, namely Grid (Damiano A. et al.,
2014)). Energy fluxes interact among the delivery and
consumption points according to the occurring energy
needs and EVB storage capacities (State Of Charge,
SOC), and their maximum and minimum safety levels.
The instantaneous power demands of the three users are
satisfied by the PV generation produced on site at the
Main building and dispatched by the EVs, whereas power
is drawn by the EVBs due to their motion needs and users’
demands, while the Grid supplies the residual energy
demand. The three vehicles, rotating among the users,
have different daily schedules, planned to simulate the
personnel commuting route from the Main building to the
Satellite ones. When an EV reaches a building and it is
plugged to its building management system (BMS), it acts
as an electricity source (necessary to cover the electrical
user needs) until its capacity reaches the minimum SOC
level. Similarly, when an EV is connected to the BMS of
the Main building, the surplus of PV generation (i.e.
higher than the Main building electrical needs, which is
so fully balanced by renewable energy) is either stored
into the EVBs, until their maximum SOC levels are
reached, or fed into the Grid. Note that, the three EVBs
are charged with the surplus of renewable electricity
starting from the fullest to the emptiest one (priority
charging order).
•

Main building

PV

EV1

EV3
EV2

Satellite
building 1

Satellite
building 2

Figure 1. Investigated V2B2 micro-grid system layout.

Modelling
A short description of the implemented TRNSYS (Klein
S.A. et al., 2006) model developed for dynamically
simulating the V2B2 system layout is reported. The
simulation model is based on several components as well
as other necessary devices (e.g. heat pumps, chillers,
controllers, diverters, mixers, pumps, etc.). For the sake
of brevity, only the Main components linked to the V2B2
system behaviour are described hereinafter.
Building model
Heating and cooling demands and electrical loads of each
building user are calculated through a transient simulation
tool, where building envelope features, ventilation rates
and internal gains (thermal and electrical) are detailly set.
The two investigated building typologies, including all
energy plants, are differently modelled. Specifically:
•
Main building: the user demand is dynamically
assessed by Type 56. The building tri-dimensional
geometric model is obtained by means of the plug-in
Google SketchUp TRNSYS3d;
•
Satellite buildings: the user demand is previously
calculated by means of an in-house building
simulation tool (Barone et al., 2019), and entered as an
external input to the TRNSYS model.
For each building, indoor air temperature set points are
obtained through an electric heat pump/chiller.
BIPV system
Building Integrated PV (BIPV) panels are modelled by
the TRNSYS Type 567. The panels are embedded into the
Main building roof to produce electricity, firstly used for
balancing its demand. Produced electricity surplus is then
exploited for charging the EVs batteries and, at last, for
feeding the Grid.
EV model
Each EV battery (EVB) and inverter are modelled by the
TRNSYS Type 47b and 48c, respectively. Type 47
parameters are suitably modified in order to model a
lithium-ion battery which features the EVB behaviour of
a commercially available EV. Note that, the EV electricity
consumption depends on the driving speed (TeslaMotors,
2017), according to motion patterns. Type 48 simulates
the regulator/inverter, which converts DC (produced by
PV) into AC (for building devices and EVs).

Case study
In the Proposed V2B2 System (PS) layout, EVs are also
used as electricity vectors, to dispatch PV electricity from
the Main building to the Satellite ones, as sketched in
Figure 1. PS is compared to a typical V2B scenario,
namely Reference System (RS), where the EVs exchange
electricity with the Main building only. Both layouts are
based on a virtual micro-grid including three office users
and three EVs, by considering bidirectional operation of
each EVB, which, according to the SOC level, is:
i. charged at the Main building (by PV panels and Grid);
ii. discharged at the Main and Satellite buildings for the
PS case, and at the Main building only for the RS case.
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The Main building is based on a non-residential NZEB,
designed for the Mediterranean climate of Naples (South
Italy). It includes offices, conference, and exposition
spaces. The building air-conditioned surface area is about
300 m2. PV panels are integrated into the building tilted
roof. Simulation assumptions relative to building design
and operating parameters are detailly reported in
(Buonomano A., 2020).
Satellite buildings are two twin offices (namely, Sat A and
Sat B), each one of about 200 m2 of surface area. They
refer to a single intermediate floor office spaces of a
multi-floor building, simulated as a South facing
perimeter thermal zone. Such buildings are ideally located
in two different zones of the city, with the aim to simulate
different EVs routes. All assumptions of these users are
reported in (Barone et al., 2019).
Main and Satellite buildings have the same heating and
cooling schedules and temperature set points, as well as
occupancy and HVAC schedules (Table 1). In particular,
the HVAC system is activated from 08:00 to 17:30, from
November 15th to March 31st and from June 1st to
September 30th. Heating and cooling electricity demands
are based on the heat pump/chiller coefficients of
performance, calculated as a function of the occurring
operating conditions and part-load ratio, fPLR [46].

available) from 2:00 pm to 5:30 pm, returning to the
Main building at 6:30 pm. EV velocity during the two
equal trips ranges from 50 to 60 km/h;
•
Main building leave: the EV with the highest SOC
level at early morning is scheduled to leave the Main
building at 8:30 am (reaching the Satellite one at 9.20
am) and to return at 6:20 pm (leaving the Satellite one
at 5.30 pm). During the time in which the EV is
stationary at the Satellite buildings, the EVBs possibly
discharge their stored electricity for the user needs.
The EV velocity during the two equal trips ranges
from 10 to 35 km/h.
The EVB discharge power is calculated according to the
EV mobility routes and velocities [89], following the
power consumption profile reported in Figure 2. For each
EV, the battery pack includes 6831 cells (18650 form
factor Li-Ion battery, following an 11S 9S 69P
configuration, (TeslaMotors, 2017)), with a capacity of
about 60 kWh. At last, charger nominal power (from
Grid) is 7.0 kW and the minimum and maximum SOC of
each EVB are set to 30 and 90% of their nominal capacity.
50
Aerodynamics
Tires

40

Drivetrain

Parameter
Occupancy, appliances, and
HVAC schedules [hours]
Heating set-point [°C]
Cooling set-point [°C]
Heating period [month/day]
Cooling period [month/day]
Week opening [-]

Value
8:00-17:30
20
26
11/15th - 3/31st
6/01st - 9/30th
Mon-Sat

Each electric vehicle is considered as used by the Main
building personnel for commuting among workplace
buildings. In this regard, it is intended that the Main
building is considered as located in the outskirt of the city,
whereas Sat A and Sat B buildings are in the city centre.
The three EVs driving distances, covered from the Main
building to Sat A and to Sat B, are modelled by following
such daily routes, namely:
•
Main building daily stay: the EV with the lowest SOC
level at early morning remains at the Main building to
be charged by PV panels during the day (if surplus is
available). The vehicle leaves for two short trips, the
first is scheduled between 9:00 am and 9:40 am, the
second between 11:30 am and 12:10 pm (EV velocity
ranging from 30 to 50 km/h);
•
Main building morning stay: the EV with the second
highest SOC level at early morning is scheduled to
stay connected to the Main building during morning,
then at 1:00 pm it leaves the building to reach one of
the two satellite building (either Sat A or Sat B) where
it can supply stored renewable electricity to the user
(discharging mode, if sufficient stored electricity is

P

el

Table 1. Buildings operating assumptions.
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Figure 2. EV power consumption vs. driving speed
(TeslaMotors, 2017).
The BIPV field (gross area of about 150 m2) is made of
mono-crystalline silicon panels (electric efficiency of
about 19%), installed on the South oriented 30° tilted roof
of the Main building. The field PV peak power is 20 kW.
Finally, simulations are carried out by using the
Meteonorm hourly weather data file of Naples (Italy),
having an index of incident solar radiation equal to 1529
kWh/m2y and heating and cooling degree days of 1163
and 185 Kd, respectively. Yearly simulations run with a
time step of 6 minutes.

Result and discussion
Simulation results obtained for the investigated case study
are discussed hereinafter with the aim to assess the
performance of the proposed V2B2 concept applied to this
office based virtual micro-grid.
Figure 3 shows the dynamic yearly profiles of the
electricity needs (due to appliances, heating and cooling)
of the main building. Similar profiles, not reported for the
sake of brevity, are considered for the two satellite

________________________________________________________________________________________________
5000
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________

buildings. For all the buildings, the simulated electricity
peak loads for heating are higher than the cooling ones.
The yearly electricity demand of the Main user (nearly
zero energy building) is about 44 kWh/m2 (about 14
MWh/year), whereas each Satellite one requires about 70
kWh/m2 (about 13 MWh/year) of electricity.

Figure 3. Main building electrical yearly demand.
The yearly electricity consumption of all the three EVs is
about 7.8 MWh/year. The EVs electricity need
corresponds to about 16.5% of the whole system energy
demand, equal to about 47.3 MWh/year, whereas the
renewable electricity production from PV panels is
about 31.8 MWh/year, as shown in Figure 4.
50
PV generation
Whole-system demand
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Figure 4. Annual electricity production and load profiles
of the investigated system.
The yearly electricity production is lower than the
electricity need of the whole system consisting of the
three buildings (Main, Sat A, and Sat B) and of the three
EVs (namely EV1, EV2 and EV3). Therefore, it is
interesting to find out how the V2B2 system management
logic is able to increase the time-matching between load
and PV production, maximizing the self-consumption of
PV electricity, and thus reducing the Grid interaction.
In order to understand the performance of the investigated
system layout, it is useful to assess the time histories of

the key electricity flows. Figure 5 shows, for two sample
winter days (sunny and cloudy), the electricity flows
among the Grid, the EVBs, and the investigated buildings
(Main building, Sat A, and Sat B). The selected sample
days are February 12th and 13th. In particular, the first
graph (Figure 5, left) shows:
•
PV generation power (PPV);
•
Main building electricity load (PLoad Main);
•
electricity energy supplied by the Grid and by the EV
to the Main building (EGrid → Main and EEV → Main);
•
exported renewable electricity (EPV → Grid, surplus).
The second and third graphs (Figure 5, middle and right),
relative to Sat A and Sat B, show:
•
Satellite users electricity load (PLoad SatA and PLoad Sat B);
•
electricity energy from the Grid and from the EV to
each Satellite building, i.e. for Sat A (EGrid → Sat A and
EEV → Sat A), for Sat B (EGrid → Sat B and EEV → Sat B).
Note that, the three EVs have different routes, and every
day they follow the daily stay, morning stay, and leave
strategies according to their SOC level (as previously
discussed).
At the beginning of the first day, the Main building load
is higher than the PV production (low solar radiation), so
the PLoad Main is balanced through the electricity supplied
by the EV plugged to the building BMS. When the EVs
leave the building (or the SOC of the plugged EVs are
lower than the minimum level), PLoad Main is balanced by
the Grid. When the sun rises and the PV generation is
higher than the building load (PPV > PLoad Main), PLoad Main is
completely balanced by PPV and the production surplus is
firstly delivered to the EVs plugged to the BMS and
subsequently to the Grid. At early evening, when the solar
radiation decreases, the building load becomes again
higher than the PV generation, so electricity from the EV
is delivered to the Main building user (EEV→Main), reducing
its SOC. During the same day (February 12th), a
significant part of the Satellites users loads (PLoad Sat A and
PLoad Sat B) is balanced by the electricity supplied by the
EVs reaching these buildings. The dispatched electricity
depends on the amount of time in which the EVs are
plugged to the Satellite buildings, as well as on their SOC.
From such figures (Figure 5, middle and right), it is
clearly notable that the ratio of renewable electricity
exploited off-site is highly dependent on the EVs routes
and schedules, suggesting more research in this field (i.e.
stochastic modelling of electric vehicles use, urban
planning and programming of vehicle to building
interactions, etc.). The second day displayed in Figure 5
(February 13th, cloudy day), clearly shows that with low
solar radiation, PPV > PLoad Main, the Grid supplies most of
the electricity need to the Main building, as well as to the
Satellite users, Sat A and Sat B. Insufficient PV
generation also causes a significant reduction of
renewable electricity dispatched to the Satellite buildings.
In fact, only Sat A is supplied with PPV, whereas no PV
generation is dispatched to Sat B.
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Figure 5. Dynamic proﬁles of electrical ﬂows from Grid and EVs to Main bldg., Sat A, and Sat B – Feb. 12th and 13th.
In order to better show how each EV interacts with the
users of the considered virtual micro-grid, Figure 6 shows
the dynamic proﬁles of:
•
EV motion (time scheduling, EVmotion);
•
electricity provided by the Grid and by the EV (EGrid
→ Main and EEV → Main);
•
users’ loads (PLoad Main, PLoad Sat A, and PLoad Sat B,
respectively, in Figure 6, left, middle, right);
•
PV generation power (PPV);
•
SOC levels of the three EVs.
The time histories of Figure 6 refer to two sample spring
days, May 19th and 20th, respectively, where electricity is
only due to appliances (which have the same schedules,
thus profiles, for all buildings). These days refer to
Saturday (offices open) and to Sunday (offices closed),
with the aim to better show how EVBs are charged. The
EV with the lowest charge of the battery (EV1) remains
plugged to the BMS of the Main building (Figure 6, left),
following the daily stay pattern strategy, so that it can be
charged with PPV. According to such schedule, the EV
leaves for two short trips (highlighted with the green EV
motion bars), scheduled between 9:00 am and 9:35 am
and between 11:30 am and 12:10 pm. In the first day
(working day), when the EV is plugged to the Main
building, PV generation is practically always higher than
the user demand (PPV > PLoad Main), so the EVB is charged
with the surplus of renewable power production, and its
SOC level increases. According the EV motion
scheduling, the battery of the EV1 is discharged (note that
the slope of the SOC profile depends on the motion
velocity). The EV1 remains plugged to the BMS of the
Main building from 12:10 pm, so the EVB is charged until
its SOC reaches the maximum level, set at 0.9, achieved
at the end of the first displayed day. The second vehicle,
EV2, with the second highest SOC level, follows the
morning stay schedule. According to such schedule, EV2
remains plugged to the Main building BMS during the
morning. When EV1 is in motion (from 9:00 am to 9:35

am), the surplus of PV generation is supplied to the EV2
battery, increasing its SOC level. At 1:00 pm EV2 leaves
the Main building to reach one of the two Satellite ones
(Sat A in Figure 6, middle), returning to the Main building
at 6.30 pm. Thus, EV2 needs electricity for its motion and
it also balances, for a small fraction of time, part of the
Sat A electricity demand (until the minimum SOC level,
equal to 0.3). The same considerations can be applied to
EV3, which reaches Sat B by following the leave
schedule, being the vehicle at the highest possible SOC
level. Therefore, EV3 leaves the Main building to reach
Sat B where it remains from 9:20 am to 5:30 pm. At Sat
B, the SOC level of the EV3 battery decreases during the
time by supplying off-site renewable electricity to the
user. Once the minimum SOC level is reached, the Grid
(operating as a back-up system) provides the extra energy
need. A further decrease of the SOC level is obviously due
to the motion of EV3 returning to the Main building.
At the beginning of the second day (Sunday, closed
offices), when all EVs are all day long connected to the
BMS of the Main building, the first EVB to be supplied
through the solar radiation (always in surplus, being null
the buildings electricity demand), is the one with the
highest SOC level (i.e. EV1). When this battery becomes
full (the maximum SOC of 0.9 is reached), the subsequent
EVB to be supplied by PV electricity is the EV3 one, see
Figure 6, right. Similarly, when EV3 is full (it reaches
0.9), PPV feeds the EV2 battery until its maximum SOC
level is achieved. Surplus of PV generation is, thus,
exported to the Grid.
The proposed V2B2 strategy causes a reduction of
electricity supply by the Grid and the enhancement of the
matching between generation and demand. If compared to
the reference system (RS, where the off-site dispatchment
of the Main building PV production to the Satellite ones
is not obtained), a significant reduction of PV production
exported to the Grid is observed.
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Figure 6. Dynamic proﬁles of users loads, PV generation and SOC levels, together with EV motion schedules – May
19th and 20th.
The amount of electricity produced by PV panels and selfconsumed by the users of the considered micro-grid
(Main building, Sat A, Sat B, and EVs) is shown in Figure
7, on a monthly basis, for both the reference and proposed
systems (RS and PS, respectively).
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electricity (corresponding to a decrease of the electricity
sold to the Grid) is obtained. Such occurrence, in addition
to mitigate the renewable electricity impact/issues on the
Grid, provides a better economic result with respect to RS,
as discussed hereinafter.
On the yearly basis, the shift from exported to selfconsumed electricity, passing from the RS to the PS
layout, is shown in Figure 8. For a produced PV electricity
of about 31.9 MWh/y, the following results are obtained:
• for the RS layout, 23.3 MWh/y is self-consumed, and
8.58 MWh/y is exported;
• for the PS layout, 28.0 MWh/y is self-consumed (by
Satellite buildings too), and 3.82 MWh/y is exported.
40
Produced

Self-consumed

Exported

32

1.5

This figure clearly shows that, by comparing the RS to the
PS layout, a remarkable amount of electricity exported (in
the RS) is self-consumed (in the PS), especially in
summer months. During winter months, there is no
exported electricity by both layouts, since the amount of
PV production is almost completely self-consumed. It is
worth noting that, the PS system implies a higher amount
of losses, due to the increase of EVB charging and
discharging cycles, compared to those of the RS system
(where a reduced number of charge and discharge cycles
occur). Nevertheless, although such higher electricity
losses, by the PS layouts an increase of self-consumed

el

Figure 7. Monthly renewable energy produced by PV,
self-consumed (by Main building, Sat A, Sat B, and EVs)
and exported to Grid.
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Figure 8. Yearly PV electricity, self-consumed (by Main
bldg., Sat A, Sat B, and EVs) and exported to Grid.
The overall performance of the PS and RS layouts (i.e.
V2B2 vs. V2B) are compared in Figure 9, which shows
the cumulative generation, imported and exported
electricity profiles. The best exploitation of the RES is
achieved by the PS layout, with the lowest imported
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electricity, leading to a remarkable reduction of the
electricity exported to the Grid. The difference between
PS and RS performances rises mostly after April, due to
the increase of PV generation, as shown in Figure 7.
50

by dispatching electricity among its users. This also
allows one to promote, at a micro-grid level, the energy
efficiency of buildings, which may approach the nearly
Zero Energy Building (nZEB) target (i.e. final electricity
demand < 50 kWh/m2y) without refurbishments and/or
installations of on-site RES technologies.
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Table 2. Energy and economic indexes.
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Figure 9. Cumulative delivered and exported electricity
to and from the investigated system.
Nevertheless, with respect to the typical V2B scenario
(RS layout), the V2B2 one (PS layout) shows a lower
reduction of electricity delivered from the Grid with
respect to the exported one. Thus, a better economic
performance is observed due to the difference between
purchase and feed-in tariffs, which highly advantage the
PS scenario. The imported electricity is purchased from
the Grid at the average price of 0.20 €/kWh, where the
exported one is sold at a time-dependent feed-in tariff,
known as hourly National Single Price, NSP (Barone et
al., 2019), which is averagely lower than 0.09 €/kWh.
Yearly energy and economic performance of both
scenarios are reported in Table 2. The difference between
delivered and exported electricity, about 20.1 MWh/y for
RS and 21.6 MWh/y for PS, suggests that the proposed
scenario is economically feasible if the feed-in tariff is
lower than the purchase price. In fact, increasing the selfconsumed electricity (i.e. reducing the sold one), at the
expense of the exported amount, produces an economic
saving of about 8.1%. It is also worth noticing that the PS
scenario versus the RS one does not require to buy
expensive technical equipment, and thus considering any
significant investment. Besides the economic
performance, it is also interesting to note the fossil energy
saving, about 11.4%, obtained by simply managing the
use of EVs in the considered micro-grid.
It is worth noticing that the proposed scenario influences
the energy performance of each user of the considered
virtual micro-grid system. To this aim, Table 3 reports the
yearly electricity needs, and the amount of fossil and
renewable self-consumed electricity, required by each
user of the considered micro-grid. Passing from the RS to
the PS scenario, the fossil electricity demands of the Main
building and EVs increase (+0.19 and +1.64 MWh/y,
respectively), whereas those of Sat A and Sat B (in total 5.1 MWh/y) decrease. Therefore, the V2B2 scenario is
effectively able to enhance the micro-grid performance,

PV production [MWh]
Grid fossil demand [MWh]
RES Self consumption [MWh]
Fossil energy saving [%]
RES Exported [MWh]
Delivered minus Exported [MWh]
Percentage losses [%]
Economic Indexes
Purchased electricity [k€]
Sold electricity [k€]
Purchased - Sold [k€]
Percentage saving [%]

RS
(V2B)

PS
(V2B2)
31.9

28.6
23.3
8.58
20.1
-

25.4
28.0
11.4
3.82
21.6
11.3

5.72
0.386
5.34
-

5.08
0.167
4.91
8.06

Table 3. Yearly electricity demand, consumption fossil
and renewable electricity of each user.
Electricity [MWh/y]
Demand
RS fossil consumption
PS fossil consumption
RS RES self-consumption
PS RES self-consumption

Main
building
13.5
1.62
1.81
11.9
11.7

Sat A +
Sat B
26.0
20.9
5.07

EVs
7.75
1.05
2.69
6.70
5.06

This is clearly highlighted in Table 4, where the building
energy performance, in terms of final electricity demand
for square meter, is reported for the Main and Satellite
buildings and for all investigated scenarios. The
electricity demand of the whole cluster of buildings (i.e.
Main, Sat A and Sat B), without considering any on-site
RES (No RES, Table 4), is equal to 58.0 kWh/m2y (45.0
kWh/m2y for the Main building, already an nZEB, and
68.4 kWh/m2y for Sat A and Sat B).
Table 4. Building energy performance.
Main bldg.
Sat A-B
Building final electric
(fossil) demand [kWh/m2y] (Main bldg. + Sat A + Sat B)
45.0
68.4
No RES
(58.0)
5.40
68.4
RS demand
(40.6)
6.03
55.0
PS demand
(33.4)

The installation of RES technologies and the utilization of
the EVs of the micro-grid as energy source and sink of the
Main building only (bidirectional operation), i.e. RS
layout or V2B scenario, highly reduce the final electrical
demand of the whole cluster of buildings, down to 40.6
kWh/m2y. This result is only due to the exploitation of PV
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production at the Main building level (use of on-site RES
produced electricity), passing from 45.0 kWh/m2y to 5.40
kWh/m2y. Finally, the PS layout (V2B2 scenario) reduced
the final demand of such cluster of buildings down to 33.4
kWh/m2y, by basically lowering the Satellite building
demand of about 19.6%, from 68.4 kWh/m2y to 55.0
kWh/m2y (approaching the nZEB target).
Although the discussed results are linked to the specific
case study, they are remarkably encouraging for smart
grid applications necessary to promote the sustainable
energy transition of cities and urban centres, as well as
toward the achievement of energy-self-sufficient
communities of remote areas. Further analyses and
optimizations will be carried out, by considering different
scenarios, strategies, and stochastic users’ profiles
(building demands, RES and storage capacities, EV
patterns, as well as weather forecast).

Nomenclature
BIPV
BMS
EV
EVB
Grid
Main
nZEB
P
PS
RS
PV
RES
Sat
SOC
V2B2
V2B

Building Integrated PhotoVoltaic
Building Management System
Electric Vehicle
Electric Vehicle Battery
Power grid
Main building, with on-site RES
nearly Zero Energy Building
Power [kW]
Proposed System
Reference System
Photovoltaic
Renewable Energy Sources
Satellite building, without on-site RES
State Of Charge [-]
Building to Vehicle to Building
Vehicle to Building

Conclusion
In this paper, a novel energy management scheme for
grid-connected buildings and electric vehicles, namely
Building to Vehicle to Building (V2B2) is presented and
analysed. This concept aims to promote the achievement
of the net or nearly zero energy building (NZEB or nZEB)
target at micro-grid scale level, by exploiting the use of
off-site PV production dispatched by electric vehicles
(EVs). EVs are considered as storage devices and energy
vectors among multiple buildings included within a
virtual cluster of buildings. To assess the whole system
energy and economic performance, a suitable dynamic
simulation tool is developed in TRNSYS environment.
To show the potentials of the proposed V2B2 concept, as
well as the capabilities of the tool, a case study analysis is
presented. Such study refers to a micro-grid consisting of
3 office buildings (with roof-integrated PV panels,
located on-site on the main building only) and 3 electric
vehicles, which rotates/commutes from one building to
another, dispatching RES stored electricity with the aim
of enhancing the exploitation of PV production.

Simulation results are compared to those achieved for the
same cluster of buildings where the electric vehicles are
only plugged to the main building with on-site RES,
exchanging electricity with it and the grid.
Simulation results show that the use of electric vehicle as
energy vectors at micro-grid scale can effectively benefit
the whole systems in terms of reduction of fossil
electricity consumptions, by increasing the selfconsumption of renewable energy. The simulated microgrid showed interesting energy and economic results, e.g.
fossil electricity saving of about 11.4% and economic
saving of 8.1%. In addition, by exploiting the off-site PV
production, the nZEB target can be approached at microgrid scale. The electricity demand of Satellite buildings
(exploiting off-site PV production, dispatched by the
EVs) is effectively reduced (of about 20%) without any
refurbishment or relevant new devices installation. The
economic convenience, highly influenced by the national
electricity prices, shows that suitable energy policies are
necessary to promote the adoption of such systems and
concept. Future investigations, including parametric and
optimization analyses, will be conducted through the
developed model, by also considering different case study
scenarios and stochastic users’ profiles.
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Abstract
Photosynthetically Active Radiation (PAR) and energy
demand are critical factors to justify the performance of
greenhouses in food and farming industry, which could
be significantly affected by configurations and
orientations of greenhouse. In Beijing, one typical
greenhouse model with two types of roof (A-frame and
Barrel-vault) and orientations (south-north; east-west)
have been assessed using RADIANCE (ray-tracing
packages) & TRNSYS (energy package), in terms of
PAR received at lower vertical planes of vegetation
shelves, and heating and cooling demands in the whole
space. Several key findings have been achieved, aiming
to produce optimized design strategies to improve the
availability of PAR for a faster growth of plant, and at
the same time reduce energy consumption in
greenhouses.

Introduction
Environmental and energy performances of greenhouse
are receiving increasing attention in China, due to the
growing activities of indoor farming (Tong et al., 2013).
As the spectral range (wavelength) of solar radiation
(400 to 700 nm) that photosynthetic organisms are able
to use in the process of photosynthesis,
Photosynthetically Active Radiation (PAR) varies
seasonally and changes based on the time of day and
latitude (Hall, 1999). Similar to the wavelength of visual
light, PAR is critically required for sustaining plant and
vegetable growth (McCree, 1977). It can be normally
found that the higher PAR can accelerate plant and
vegetable growth. To investigate the availability of PAR
is thus necessary when planning to build some indoor
framing spaces and relevant facilities for growing
vegetables and crops.
Apparently, orientation is one of most important
environmental factors to determine the amount of solar
gains (including PAR) and energy demand of the
building (Pai et al., 2015). The solar radiation received
across the surfaces of buildings is directly influenced by
their orientations and the climate zones which the
buildings are located in (Pai et al. 2015). In order to
effectively apply an integrated passive design solution,
to orient the buildings properly will always be the first
consideration (Givoni, 1998). Next, as main factors that
can determine energy consumption in buildings, the
application of heating and cooling systems will have to

include the impact of building orientation (Mardookhy et
al. 2014). Pacheco et al. (2012) found that building
orientation is one of the largest repercussions on the
energy demand in buildings. It has been also concluded
that optimizing both building orientation and shape can
save the energy consumption up to 36% (Aksoy et al.,
2006). Spanos et al. (2005) found that a proper planning
of orientation, location and landscape factors might
potentially decrease the building energy demand by 20%,
via rising the quantity of solar radiation (daylight)
entering an internal space. Using EnergyPlus simulations
(EnergyPlus, 2018), Xu et al. (2012) produced some
strategies of how to optimize building orientation to
achieve energy efficiency in some representative cities in
China. As for the greenhouse, similarly, the orientation
and latitude can be significantly linked with the direct
solar radiation transmissivity (Kurata 1993). One study
investigated the effect of shape and orientation selection
of a greenhouse on the energy demand and solar
radiation availability, and experimentally validated the
thermal model (Sethi 2009). In China, Chen et al. (2018)
developed a computational model to determine the
optimal orientation for solar greenhouse placed in
various latitudes.
Moreover, the shape of building roofs with large glazing
areas could be another critical factor affecting the solar
radiation transmissivity (including daylight, PAR, etc.)
in buildings (Sharples & Lash, 2007). One early study
(Navvab & Selkowitz, 1984) examined fourteen roof
structures under different sky conditions, and have
achieved some key findings: 1) Most monitor roof
systems were found to have a similar property of
transmittance (direct light), which is much more
sensitive to solar altitude than the pyramids, vaults and
A-frames. 2) The A-frame roofs, however, got a higher
transmittance for diffuse skylight (overcast sky) than the
monitor systems. Later, a Canadian study (Laouadi &
Atif, 2001) showed that domes were the best shape for
admitting sunbeam in winter (low altitude). It has found
that in winter the barrel-vault roofs were more effective
on the beam light transmitting than flat skylights with
similar glazing attributes (Laouadi, 2005). For the
greenhouse design, a numerical model of radiative PAR
transfer was developed in order to achieve effective light
distribution in a Barrel-vault greenhouse (Farkas et al.,
2001).
When studying energy and environmental performances
of greenhouses, in general, most of the studies were
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conducted based on an overall evaluation of indoor
climates, thermal transfer, and solar gains (Ha et al.,
2015; Ward et al., 2015). Few studies have been
implemented to focus on the availability of PAR used for
supporting the growth of vegetation, and how this value
affects the whole energy performances including heating
and cooling demands. For the typical thermal and solar
modelling tools like EnergyPlus (EnergyPlus, 2018) and
TRNSYS (TRNSYS, 2018), it is effective to simulate
ambient environmental conditions and total energy
consumption. However, given the calculation of solar
irradiation (e.g. PAR) at a specific surface, it could be a
hard task for them to achieve. On the other hand, the
increasing indoor farming activities would require a
more accurate estimation of PAR at specific surfaces in
greenhouse, due to the aim to efficiently plan a proper 3D layout for setting vegetation.
Thus, in this article, a simulation study in a typical
greenhouse in Beijing was presented based on the
application of two packages: TRNSYS (energy and
environmental modelling) and RADIANCE (ray-tracing
modelling for solar and PAR) (RADIANCE, 2018). Two
typical roof types and orientations have been assessed.
Some design strategies for effectively growing
vegetation and reducing whole energy consumption in
similar greenhouses were produced.

Building Model and Simulation
Description of Greenhouse Model
The greenhouse studied was located in Beijing (Latitude:
39.9042° N, Longitude: 116.4074° E), China.
a

b A-frame (section)

annual temperature is 12.8 °C. Beijing receives 2,671
hours of annual sunshine time, with monthly percent
possible sunshine ranging from 47% in July to 65% in
January.
As shown in Figure1, the greenhouse has a rectangular
plan (length × width: 15×40m), and two typical types of
sections varying in roof: A-frame (Sharples & Lash,
2007) & Barrel-vault (Laouadi, 2005). The sections were
defined across the width (Figure 1). Each section has
two parts including roof space (height: 1.5m) and normal
space (height: 4.2m). Two orientations were studied as
follows: the greenhouse length was aligned to northsouth or east-west. Therefore, in total, there are four
cases studied, including A-frame & south-north (A-sn),
A-frame & east-west (A-ew), Barrel-vault & south-north
(B-sn), and Barrel-vault & east-west (B-ew).
PAR Calculations
In the field of plant science, PAR can be expressed by
solar irradiance (W/m2) or photosynthesis photosynthetic
photon flux (μmol/m2s) (Sun et al., 2017). The
monochromatical
relationship
between
the
aforementioned two variables can be defined by the
equation:
𝑃𝑃𝜆𝜆 =

𝐹𝐹𝜆𝜆 𝜆𝜆

𝑁𝑁𝐴𝐴 ℎ𝑐𝑐

(1)

where 𝑃𝑃𝜆𝜆 is the photon flux, 𝐹𝐹𝜆𝜆 is the solar irradiance, 𝜆𝜆
is the wavelength, 𝑁𝑁𝐴𝐴 is the Avogadro Number, h is the
Planck constant, and c is the speed of light. In this study,
PAR was displayed using solar irradiance (W/m2).
Produced for ray-tracing lighting/daylighting simulations
(irradiance), RADIANCE (RADIANCE, 2018) can be
used as a tool to calculate the global solar irradiance
(W/m2) at a specific position and under various sky
conditions. This study first adopted RADIANCE to
predict the solar irradiance in the four greenhouse
models mentioned above. PAR values were then
achieved using an empirical equation (Dong et al., 2011):
(2),
𝑃𝑃𝑃𝑃𝑃𝑃 = 𝜂𝜂0 𝑄𝑄
2
where Q is global solar irradiance, W/m ; η0 is the factor
related to the location [Beijing has the η0=0.43 (Bai,
2009)].

c Barrel-vault

Figure 1: Greenhouse plan (a), and two sections with
different roofs (A-frame (a) and Barrel-vault (b)).
Beijing has a humidity continental climate
(www.weatherbase.com). The hottest month (July) in
Beijing has an average temperature of 26°C (79°F) and
the coldest is January at -3.3°C (26°F). The average

Figure 2: Plan view: four vertical planes for calculating
PAR in the greenhouse.
In this study, four vertical calculation planes were set up
to evaluate PAR levels received at various positions
across the width of greenhouse (Figure 2), including
VP1, VP2, VP3 and VP4. The distance between two
adjacent planes is 10m, whilst 5m was set as a distance
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to the short walls. Vertically, the height of the planes
was 0.3m above the ground, which was used to
specifically assess the PAR availability at the bottom
area of these greenhouses. Although they are the most
important positions for planting vegetation, clearly, these
areas are regarded as the place with the lowest
possibility to receive enough PAR levels. In addition,
PAR availabilities were analysed using four typical
periods relevant to the indoor farming, such as January
(winter), April (spring), July (summer) and October
(autumn) (Alados, et al., 1996).
Building Energy Model
TRNSYS (transient simulation programme) (TRNSYS,
2018), an advanced building energy modelling package,
was employed to calculate indoor temperature and
predict energy demand (heating and cooling) in this
greenhouse. Overall heat transfer coefficients (u-values)
of the greenhouse envelope were set as follows: 1.4
W/m2K (glazing wall and roof), 0.339 W/m2K
(structures), and 0.313 W/m2K (floor). The g-value of
glazing wall and roof was 0.589. The annual heating and
cooling demands have been calculated using various setpoints for heating and cooling systems based on the
requirements of different types of plants and vegetables
(Li, 1989; Brewster, 2018). As suggested by the
guidance (Li, 1989; Brewster, 2018), the set-points of
heating/cooling (Theating/Tcooling) in greenhouses were
22oC/28oC (for normal plant and vegetables), 20oC/32oC
(typical thermophilic plant and vegetables), and
15oC/20oC (typical plant and vegetables preferring the
cool climate). All set-points have been applied in an
annual energy consumption calculation. For all
calculations, 0.2l/h was used as the infiltration rate.

Figure 3: Monthly average hourly PAR in winter
(W/m2).

Figure 4: Monthly average hourly PAR in spring
(W/m2).

Results and Discussions
This section includes three parts: effect of roof type and
orientation on PAR; effect of roof type and orientation
on indoor air temperature and energy demand;
discussions and implications.
Effects of roof types and orientations on PAR
As mentioned above, the variations of monthly average
hourly PAR (Alados, et al., 1996) have been evaluated
for four typical periods of winter (January: Figure 3),
spring (April: Figure 4), summer (July: Figure 5) and
autumn (October: Figure 6). These figures show the
average of PAR across the four vertical planes shown in
Figure 2.
Figure 3 indicates that the higher PAR can be found
from 11:00 to 15:00 in winter. B-sn has the highest PAR
level during this period while other three types have
relatively lower values. With the orientation of south to
north, both A-frame and Barrel-vault models receive the
peak PAR at around 13:00; while the peak for models
with orientation of east to west is found at 14:00. The
peak PAR values are 5157 W/m2 (B-sn), 4098 W/m2 (Aew), 3907 W/m2 (B-ew), and 3665 W/m2 (A-sn). It is
apparent that the PAR difference between B-sn and Bew significantly higher than that between two A-frame
models.

Figure 5: Monthly average hourly PAR in summer
(W/m2).
Figure 4 and 5 show that PAR varies in a similar trend
for spring and summer. It can found that most of the
time A-ew has a very similar variation of PAR to B-ew.
This might mean that the roof type would not take clear
effect on PAR with the orientation of east to west.
However, with the length aligned with south to north,
Barrel-vault model can receive a much higher PAR that
A-frame model at most of the time. In general, A-ew and
B-ew have the highest PAR, while the lowest PAR can
be found for A-sn. The B-sn can see the value in
between. In spring, both A-ew and B-ew see the peak
PAR (15:00) > 6000 W/m2; while in the summer PAR of
them peaks at 14:00 with a value ranging from 4900
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W/m2 to 5200 W/m2. However, both A-sn and B-sn have
the peak PAR at 13:00 during the two periods.
In Figure 6, PAR variations of four models in autumn
display some differences from winter. Before 11:00, Bew and A-sn have the highest and lowest PAR
respectively. This period gives the similar PAR between
A-ew and B-sn. Within the time from 11:00 to 15:00, Bsn achieves higher PAR than other models. However, the
differences of PAR between B-sn and other models are
comparatively smaller than the winter. A-ew and B-ew
have the middle PAR levels whilst PAR of A-sn is still
the lowest. After 15:00, A-ew and B-sn can bring in
slightly higher PAR than A-sn and B-ew. Similalry,
13:00 and 14:00 are still the peak times for Barrel-vault
and A-frame. The peak values are 5322 W/m2 (B-sn),
4941 W/m2 (A-ew), 4660 W/m2 (B-ew), and 3702 W/m2
(A-sn). Compared with winter, four greenhouses would
generally receive higher PAR in autumn.

Figure 6: Monthly average hourly PAR in autumn
(W/m2).
Table 1 gives the daily average of 24 monthly average
hourly PAR values discussed in Figure 3-6. It can found
that the lowest average PAR at vertical planes was
delivered by the model of A-sn. Taking this model as a
reference, relative differences of PAR of other models
are given as follows: 1) Winter: 15% for A-ew, 33% for
B-sn, 10% for B-ew; 2) Spring: 79% for A-ew, 57% for
B-sn, 74% for B-ew; 3) Summer: 99% for A-ew, 68%
for B-sn, 93% for B-ew; 4) Autumn: 40% for A-ew, 43%
for B-sn, 33% for B-ew.
Table 1: Daily average (W/m2) of 24 monthly average
hourly PAR values.
A-sn

A-ew

B-sn

B-ew

Winter

920.7148

1058.097

1223.681

1012.662

Spring

1228.248

2202.886

1923.09

2139.469

Summer

1014.174

2022.154

1700.46

1957.343

Autumn

983.5572

1375.536

1407.541

1312.995

Effects of roof types and orientations on indoor air
temperature and energy demand
Figure 7 indicates the distributions of indoor air
temperature of four types of greenhouse with glazing
wall and roof, structure and floor (U values mentioned
above), and without HVAC systems (unconditioned).
The maximum and minimum temperatures of various
models are 61.9 oC and 1.44 oC (A-sn), 74.4 oC and 1.44
o
C (A-ew), 79.2 oC and -1.05 oC (B-sn), and 72.9 oC and
1.13 oC (B-ew).
On the other hand, given typical types of plant and
vegetable in Beijing region, the indoor farming using
greenhouses would require three various temperature
ranges (Li, 1989), such as 22 oC~28 oC for normal plant
and vegetables (e.g. zucchini, loofah), 20 oC~32 oC for
typical thermophilic plant and vegetables (e.g. legume,
tomato), and 15 oC~20 oC for typical plant and
vegetables preferring the cool climate (e.g. Chinese leaf,
cabbage). Apparently, HVAC systems will have to be
applied in the four greenhouse models to provide the
plant and vegetable with a proper growing condition.

Figure 7: Distributions of indoor air temperature of four
types of greenhouse (unconditioned).
For the set-point of Theating/Tcooling =22/28 oC, Figure 8-10
indicate the energy performances of four types of
greenhouse. For annual energy demand (Figure 8), A-sn
model would achieve the lowest value including heating
(69272.2 kWh) and cooling (134313.9 kWh), whilst
other three models have no big differences in between.
Taking the overall energy demand of A-sn as a reference,
relative differences of other models are 93% (A-ew), 82%
(B-sn), and 95% (B-ew). Similarly, only taking the
heating demand of A-sn as a reference, relative
differences of three models are 41% (A-ew), 62% (B-sn),
and 49% (B-ew). In addition, compared with A-sn model,
relative differences of cooling demand of three models
are 120% (A-ew), 93% (B-sn), and 119% (B-ew).
Clearly, A-sn can be regarded as a greenhouse model
with the highest possibility to achieve energy efficiency.
Next, Figure 9 shows the heating demand of four types
of greenhouse in January (winter) and October (autumn).
Similar to annual heating demand, B-sn has the highest
monthly heating demand in January (26915.5 kWh) and
October (4831.4 kWh) among all four types. A-sn has
the lowest heating demand compared with other three
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models. However, relative discrepancies of monthly
heating demand between B-sn, A-ew, and B-ew are not
significant in the two months.
Moreover, Figure 10 demonstrates the cooling demand
of four types of greenhouse in April (spring) and July
(summer). For all models, A-sn has the lowest monthly
cooling demand in April (15891.4 kWh) and July (19154
kWh). Similar to the heating demand, there are no clear
differences of cooling demand between other three
models. They have a monthly cooling demand ranging
from 31849 to 34642.3 kWh in both April and July.

Figure 11: Annual energy performance of four types of
greenhouse (Theating /Tcooling: 20/32 oC).

Figure 8: Annual energy performance of four types of
greenhouse (Theating /Tcooling: 22/28 oC).

Figure 12: Heating demand (Jan & Oct) of four types of
greenhouse (Theating /Tcooling: 20/32 oC).

Figure 9: Heating demand (Jan & Oct) of four types of
greenhouse (Theating /Tcooling: 22/28 oC).

Figure 13: Cooling demand (April & July) of four types
of greenhouse (Theating /Tcooling: 20/32 oC).

Figure 10: Cooling demand (April & July) of four types
of greenhouse (Theating /Tcooling: 22/28 oC).

For the set-point of Theating/Tcooling =20/32 oC, Figure 11
indicates annual overall energy performances of four
types of greenhouse. A-sn model would also achieve the
lowest value including heating (49055.6 kWh) and
cooling (100861.1 kWh) applications; while similar
energy performances can be found in other three models
of A-ew, B-sn and B-ew. Taking the overall energy
demand of A-sn as a reference, relative differences of
other models are 114% (A-ew), 99% (B-sn), and 116%
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(B-ew). For the heating demand only and taking the Asn as a reference, relative differences of other three
models are 38% (A-ew), 65% (D-sn), and 48% (D-ew).
Also, relative differences of cooling demand between Asn and others are 152% (A-ew), 115% (D-sn), 149% (Dew). Under this set-point, A-sn greenhouse can still give
rise to the lowest energy consumption.
Next, Figure 12 presents the heating demand of four
types of greenhouse for Theating/Tcooling =20/32 oC in
January and October. Similar to the annual heating
demand, D-sn has the highest monthly heating demand
in January (22795.4 kWh) and October (2155.7 kWh)
for all models, whilst the lowest heating demands in the
two months are achieved by A-sn. However, there is no
clear difference of heating demand between A-ew and
B-ew in January and October.
Figure 13 demonstrates the cooling demand of four types
of greenhouse for Theating/Tcooling =20/32 oC in April and
July. Compared with other models, A-sn still has the
lowest monthly cooling demand in April (11871.7 kWh)
and July (14701.7 kWh). Other three models achieve
much higher monthly cooling demand ranging from
26850.9 kWh to 29755.2 kWh in the two months.
However, no big differences of cooling demand can be
found between them.
For the lowest set-point of Theating/Tcooling =15/20 oC,
Figure 14-16 demonstrates the energy performances of
four types of greenhouse. Given the annual energy
demand (Figure 14), the lowest value including heating
(30527.8 kWh) and cooling (211305.6 kWh) can be
found for the model of A-sn. Taking the overall energy
demand of A-sn as a reference, relative differences of
other models are 80% (A-ew), 69% (B-sn), and 82% (Bew). Thus, there are only slight differences of energy
demand between A-ew, B-sn and B-ew. Furthermore,
taking the heating demand of A-sn as a reference,
relative differences of other three models are 57% (Aew), 87% (B-sn), 68% (B-ew). Similarly, relative
differences of cooling demand between A-sn and others
are 84% (A-ew), 67% (B-sn), 84% (B-ew). Compared
with the two cooling set-points (28 oC & 32 oC)
discussed above, this set-point (20 oC) sees that the
differences of cooling demand between A-sn and other
models significantly dropped (e.g. from 152% to 84%).
This low cooling set-point could be clearly considered as
the main cause.
Next, Figure 15 presents the heating demand of four
types of greenhouse for Theating/Tcooling =15/20 oC in
January and October. Similar to annual heating demand,
B-sn has the highest monthly heating demand in January
(16720 kWh) and October (1019 kWh) among all four
types; while A-sn has the lowest values of 10227 kWh
(January) and 37.28 kWh (October). Furthermore,
relative discrepancies of monthly heating demand
between B-sn, A-ew and B-ew are not big.
Last, for Theating/Tcooling =15/20 oC in April and July,
Figure 16 demonstrates the cooling demand of four types
of greenhouse. Compared with other mdoels, A-sn still
has the lowest monthly cooling demand in April

(24059.5 kWh) and July (28974 kWh). A-ew and B-ew
have higher cooling demands than A-sn in the two
months: A-ew [42348 kWh (April) & 45731 kWh (July)]
and B-ew [42155 kWh (April) & 45914 kWh (July)]. It
can be found the cooling performances of these two
models are very similar. However, the monthly cooling
demands of B-sn in April and July are just slightly lower
than A-ew or B-ew.

Figure 14: Annual energy performance of four types of
greenhouse (Theating /Tcooling: 15/20 oC).

Figure 15: Heating demand (Jan & Oct) of four types of
greenhouse (Theating /Tcooling: 15/20 oC).

Figure 16: Cooling demand (April & July) of four types
of greenhouse (Theating /Tcooling: 15/20 oC).
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Discussions
The PAR and energy performances in these greenhouse
models can be explained on basis of two aspects: solar
radiance transmittance and spatial volume, both of which
are directly linked with the configuration design of
greenhouse.
For the solar radiance transmittance, it is normal that the
orientation (length: east to west) will generally deliver
more solar radiances to the greenhouse surface than the
orientation (length: south to north), especially at the roof.
As mentioned in ‘Introduction’ (Laouadi & Atif, 2001;
Laouadi, 2005, Sharples & Lash, 2007), roof
configurations can significantly lead to various solar
transmittances. The Barrel-vault roof can transmit more
beam solar radiances in winter and autumn (lower solar
altitudes). However, this might only work effectively
with the orientation of south to north. For the A-frame,
the orientation of east to west will receive higher solar
radiances compared with the barrel-vault. The slope roof
of such A-frame can allow more solar radiances into
greenhouse in spring and summer (higher solar altitudes),
whilst the slope facing north sky can block the least
diffuse solar radiances compared with other models.
For the energy consumption, it seems that a combined
effect of solar gains and spatial volumes can help explain
various performances. For cooling demand, the indoor
solar gain (linked to the solar radiance transmittance) is
the key factor to justify the performance. Clearly, Aframe and Barrel-vault roof with the orientation of east
to west would receive a much higher solar gain in spring
and summer, which can lead to a relatively higher
cooling demand. Furthermore, it is apparent that Barrelvault model has a bigger spatial volume than A-frame at
the roof level. This larger space would generally bring in
more heating demands, which could be a main reason to
cause comparatively higher energy consumptions in
autumn and winter.

Conclusion
This article has presented a simulation analysis of PAR
availability and energy consumption for four
greenhouses with different types of roof and orientation
in Beijing, China. Heating and cooling demands with
various set-points of 22 oC/28 oC (normal plant and
vegetables), 20 oC/32 oC (typical thermophilic plant and
vegetables), and 15 oC/20 oC (typical plant and
vegetables preferring the cool climate) have been
calculated and analysed. Some findings that could be
drawn from results and discussions include:
1) In general, the orientation would take significant
impact on PAR availabilities and energy demands of
the greenhouses with A-frame roof; while a
comparatively lower effect of orientation can be
found at the greenhouse with Barrel-vault roof.
2) It is interesting that the lowest PAR availability and
energy demand can be found in the greenhouse with
A-frame roof and the orientation of south to north,
based on the solar analysis across four periods and
three set-points.

3) To achieve a higher PAR availability, the analysis in
winter and autumn would support the application of
greenhouse with Barrel-vault roof and the
orientation of south to north; in spring and summer,
however, the greenhouse with A-frame roof and the
orientation of east to west could deliver the optimal
effect.
4) For the heating demand, the greenhouse with Barrelvault roof and the orientation of south to north
would deliver the highest value according to annual
and special periods’ performances. However, there
are no big differences between the greenhouses with
A-frame roof and two orientations and the model
with Barrel-vault roof and the orientation of east to
west.
5) Given the cooling demand, with the orientation of
east to west, the greenhouses with both A-frame and
Barrel-vault roofs would give rise to the higher
value than other models.
6) Compared with the set-points for normal
plant/vegetables (22 oC/28 oC) and typical
thermophilic plant/vegetables (20 oC/32 oC), the
difference of cooling demand of plant and
vegetables under cool climate (15 oC/20 oC)
between the greenhouse with A-frame and southnorth (orientation) and other models would be
dramatically reduced up to 72%.
7) It is apparently found that there would be some
conflicts between the requirements of PAR
availability and energy saving for the design and
planning of greenhouses in northern China. A
balance will have to be considered during the early
stage of design.
This research could benefit for planning the greenhouses
and similar farming facilities in northern China. Future
studies, including the field measurements for PAR and
energy performances and the optimization strategies of
greenhouses, will be carried out in the next stage.
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Abstr act
Green roofs have caught on in cities, mainly because
contribute positively to thermal behaviour of buildings
equipped with them. This paper investigates the
applicability to these roofs of an integrated indicator,
developed by Levinson and Akbari, to assess the
contribution of cool roofs to buildings’ energy
consumption. A building, assumed as the reference for the
Italian medium size offices, was considered and its energy
performance with and without the green roof was
assessed. Different sites with different climatic conditions
were considered for the simulations. First results indicate
that such indicator does not seem to be completely
transferable to green roofs.

Introdu ction
Energy behaviour of buildings is strongly affected by the
features and configurations of the envelope structures
(Milone et al., 2015; Mitja Košira et al., 2018). Therefore,
if properly designed, they can contribute to minimize the
overall energy demand of buildings, thus allowing the
achievement of a high-energy performance, which is the
basis of the recently introduced Nearly Zero Energy
Building (NZEB) concept (Chiarisi, 2015; D’Agostino
and Zangheri, 2016).
Among the new building components, green roofs are
being used widely in urban contexts nowadays because,
apart from the generally aesthetical benefits provided to
buildings equipped with them, they have proved to deliver
a positive contribution to the thermal behaviour of
buildings (Ascione et al., 2013; Bevilacqua et al., 2016;
Peri et al., 2016). Indeed, their effect on energy
consumption of buildings has largely been investigated
during recent years. Many studies indicate significant
reductions of the annual building energy use obtainable
using this kind of components, especially in the case of
the installation on existing roofs characterized by a low
level of insulation. Niachou et al. (2001), for instance,
report a total energy saving achievable with green roofs
ranged between 31% and 56% for non-insulated
buildings, between 3% and 12% for moderately insulated
buildings (a 5 cm layer of insulation), and between 2%
and 3% for well insulated buildings (a 10 cm layer of
insulation). Jaffal et al. (2012) indicate for an entire year
an energy saving percentage varying from 3% (for
buildings with a 30 cm layer of insulation) to 50% (for

non-insulated buildings). Table 1 gives details of some of
these green roof–related studies in which the impact of
green roofs on the total energy demand (i.e. energy saving
↓ or increase ↑) compared to traditional roofs is presented.
In these studies, the contribution of green roofs to energy
consumption for space heating and cooling is presented as
well, also indicated in Table 1. Based on this literature
review, it arises that there is a wide agreement among
scientists on the fact that during the summer period the
presence of green roofs provides a thermal protection for
the building equipped with them, despite studies that
show a negative impact of green roofs on cooling (Silva
et al., 2016) are present.
The direct shading of the roof surfaces due to the presence
of vegetation, the cooling effect of the ambient air due to
the evapotranspiration process, and the increased albedo
of the roof are recognized as the most important
phenomena that enable this type of component to save
energy in buildings, particularly in summer. Typical
values for the albedo of green roofs vary, in fact, from 0.7
to 0.85, which is much higher than albedo of a typical,
0.1÷0.2, bitumen, tar, and gravel roofs (Saadatian et al.,
2013).
On the contrary, the performance of vegetated roofs in
winter is somewhat a controversial issue. As shown in
Table 1, in fact, green roofs mostly reduce the total
heating load but in some cases can result as without
importance or even slightly adverse.
The additional insulation layer provided by the green
compound added to the roof and the lower heat
convection on the external surface caused by the presence
of the vegetation, contribute to reducing the heat losses
through the roof. Nonetheless, some circumstances may
increase the heat losses, shortly indicated in the following.
During sunny warm winter days, when ambient
temperatures are higher than the indoor building
temperatures, the presence of the green roof prevents the
winter solar radiation to enter the envelope, resulting in a
indoor temperature lower than that achievable without
green roof (Sfiakianaki et al., 2009). In addition, the more
wet the green roof substrate is, the higher its conductivity
level is and therefore the corresponding heat losses. Sailor
et al. (2008), for instance, experimentally measured
thermal properties of ecoroof soil samples over a range of
moisture states and indeed report thermal conductivity
ranged from 0.25 to 0.34 W/(m K) for dry samples and
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Table 1: Characteristics of some existing studies concerning the thermal contribution of green roofs (GR) (↓ reduction
of energy consumption compared to trad itional roof; ↑ increase of energy demand compared to trad itional roof;
=ne utral impact).
Reference

City

Gr een roof ana lysed

Impact o f GR on the
seasona l energy need for

Impact o f GR on
th e tot al annua l
energy demand

Heating

Cooling

Silva et al.,
2016

Lisbon

Extensive GR
Semi-intensive GR
Intensive GR

↓
↓
↓

↑
↓
↓

↑
↓
↓

Niachou et al.,
2001

Athens

GR on non-insulated roof
GR on moderately insulated roof
GR on well insulated rood

↓
↓
↓

↓
↓
↓

↓
↓
↓

Jaffal et al.,
2012

Athens
La Rochelle
Stockholm
La Rochelle

GR in the Mediterranean climate
GR in the temperate climate
GR in the cold climate
GR with insulation level <10 cm
GR with 10 cm≤insulation level≤30 cm

↑
=
↓
↓
= or ↑

↓
↓
↓
↓
↓

↓
↓
↓
↓
↓

Santamouris
et al., 2007

Athens

GR on non-insulated roof

↓

↓

↓

GR on insulated roof

↑

↓

↓

0.31 to 0.62 W/(m K) for wet samples. In addition, the
evapotranspiration process, typically occurring in these
types of roofs, increases thermal losses. In fact, Lazzarin
et al. (2005), for instance, have found in winter an
outgoing thermal flux from the green roof 40% higher
than the corresponding one of a high solar absorbing and
insulated roofing. Evidently, water content and
evapotranspiration are strictly related. Consequently,
depending on which elements prevail, the impact of green
roof on the total energy use for heating is different (i.e. a
net energy saving or an increase). In literature, there are
present also studies showing a monthly analysis of the
energy performance of both the whole building and the
top floor, with and without the green roof. Santamouris et
al. (2007), for instance, report for non-insulated buildings
monthly heating energy savings of 2÷3%; and monthly
heating energy increases up to 12%. While, they report for
the top floor of non-insulated buildings monthly heating
energy savings of 3÷5% and monthly heating energy
increases up to 26%.
Clearly, higher energy savings may be achieved for the
top floor, as shown in the study carried out by
Santamouris et al. (2007). However, if deployed on a city
scale, vegetated roofs have been demonstrated to provide
a positive effect on the urban environment by reducing,
thanks to the evapotranspiration effect, the ambient air
temperatures. Santamouris (2014), for instance, by
referring to the existing simulation studies, indicates for
green roofs a possible reduction of the average ambient
temperature ranged between 0.3 and 3 K. Therefore, green
roofs represent also an interesting technological option for
mitigating the urban heat island (UHI) phenomena
(Solcerova et al., 2017), which is one of the main
environmental challenges of our time.
Based on the above-mentioned mostly positive impact of
vegetated roofs on total energy consumption of buildings,
and its consequent wide use in urban areas, an integrated
indicator, by means of which likely assessing their energy

performance, would be useful. Two researchers Levinson
and Akbari (2010) have proposed a synthetic indicator for
a simple evaluation of the energy performances of highalbedo roofs (also known as cool roofs). This indicator
combines the benefits provided in summer by cool roofs
(energy savings for cooling operations) with the
disadvantages provided in winter (increases of the heating
energy demand).
Hence, in this study we question whether this indicator
might be used for green roofs as well, despite their
previously cited sometime confusing behaviors.
To fulfil this goal, a reference building for the Italian
medium size office edifices (Corgnati et al., 2013;
Fabrizio et al., 2011) was considered and the EnergyPlus
(U.S. Department of Energy, 2018) code was used for the
energy simulations. This software implements the green
roof model proposed by Sailor (2008), which is based on
the FASST model developed by Frankenstein and Koenig
(2004) for the US Army Corps of Engineers. Furthermore,
the effect of diverse climate conditions were investigated,
with a view to analysing when and where this indicator
could be considered the best course of action.

Method s and materials
A simple method f or t he evaluat ion of the energ y
perf or mance of green ro ofs
Starting from the consideration that, when installing a
cool roof on a building with electric cooling and natural
gas heating, cooling energy savings and heating energy
penalties will occur, Levinson and Akbari (2010) have
developed a comparative and comprehensive indicator to
quantify quickly the influence of a cool roof on the
building’s annual heat balance.
The indicator l(x,y), that is the dimensionless “load
change” ratio, is expressed as the ratio of the increase of
the annual heating energy (gas) use per CRA
(the“conditioned roof area”) - g(x,y) [therm/area] - to the
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decrease of the annual cooling energy (electricity) use per
CRA - e(x,y) [kWh/area] - , as follows:
( , )=

× ( , )
( , )×

× ,

/

where stairs, elevators and service areas are located,
whereas the border rooms are used as offices.

(1)

is the dimensionless efficiency of the heating
where
equipment and EER (energy efficiency ratio) is the
dimensional coefficient of performance of the cooling
equipment [BTU/(h·W)], 1 therm = 105.48 MJ, 1 BTU =
1054.349 J.
According to the two researchers, the local reduction in
annual cooling load, e(x,y), and the local increase in
annual heating load, g(x,y), when replacing a traditional
roof with a more solar-reflective cool roof, are supposedly
roughly proportional to expressions 2 and 3 respectively:
∆ ×

×

× Ī( , ) × ( , )

(2)

∆ ×

×

× Ī( , ) × ( , )

(3)

and

Figure 1: Plan view of the typical floor of the reference
building.
Specifically, object of the analysis was the fifth storey
(whose floor was assumed as adiabatic) of this building.
This choice finds its basis on the fact that, as mentioned
earlier, the effect of the energy performances of the roof,
which are under investigation, mainly reverberates on the
energy demand of the top floor, whereas inferior storeys
are hardly affected. Figure 2 reports a sketch of the
studied storey.

where:
∆ is the increase in roof solar reflectance;
A is the roof area;
R is the thermal resistance of the roof assembly;
Ī(x,y) is the local annual mean global horizontal solar
irradiance;
C(x,y) is the local number of annual cooling degree days;
H(x,y) is the local number of annual heating degree days;
(x,y) locates the building in a projected (flat) Earth
coordinate system.
Based on its definition, a value of this dimensionless
synthetic indicator smaller than 1 means that heating
energy penalties are smaller than cooling energy savings,
while a value higher than 1 means that the increase in
annual heating load prevails over the reduction in annual
cooling load. Therefore, the first occurrence signals a
convenience of adopting cool roofs.
In the following, after a brief description of the reference
building and weather climatic conditions considered for
the analysis, an application of the synthetic indicator
proposed by Levinson and Akbari to green roofs is
presented, in order of investigating the practicability of
such indicator also for green roofs.
Th e analy sed office build ing and the modelled green
ro ofs
The building here used as a model for the analyses is a
reference building for Italian medium size office edifices
(Corgnati et al., 2013; Fabrizio et al., 2011). It has a
covered area of 2400 m2 and consists of five storeys of
480 m2 above the ground. The interior plan layout of the
typical floor is structured around a central core (Figure 1),

Figure 2: Sketch of the studied reference building’s
storey.
The thermo-physical properties of both the opaque
envelope structures (external walls and roof) and the
glazed surfaces are reported in Tables 2 and 3,
respectively.
Table 2: Thermo-physical features of the opaque
components of the envelope of the studied building.

a

Component
type

Th ickness
(m)

Th er mal
Tra nsmitt ance
(W/m 2°C) b

Intern al
heat
capa city
(kJ /m 2°C)

Wall

0.37a

0.773

614

Flat roof

0.30

0.851

359

The thickness of the airgap is not included; b EnergyPlus outputs.

As regards the use of the building, indoor thermal
comfort, occupancy, lighting, equipment, ventilation, and
infiltration schedules were defined based on the study
carried out by Corgnati et al. (2013) and the technical
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report carried out by Corgnati et al. (2012), assumed as
representative of the daily usage of those buildings.
Table 3: Thermo-physical features of the tra nsparent
components of the envelope of the studied building
(EnergyPlus output).
Gla ss ther mal
tra nsmitta nce (W/m 2K)

Solar heat gain coefficient
(SHGC ) (dimensionless)

3.146

0.713

Table 5: System set points.
Set-point temper at ure (°C)
20

9:00-17:00
Monday to
Friday

15

17:00-9:00
Monday to
Friday

26

9:00-17:00
Monday to
Friday

Heating

Cooling

All the mentioned data are reported in Table 4.
Table 4: Features of systems and environment
occupancy data in the studied building.
Values adopted for
simulation s
0.06
Person/m2
People

0
Person/m2

13 Wm-2
Lighting
6.5 Wm-2

10 Wm-2
Equipment
0 Wm-2

11 l/person
Ventilation
0 l/person
Infiltration

0.1 m3 s-1

Schedule
9:00-17:00
Monday to Friday
17:00-9:00
Monday to Friday
0:00-24:00
Saturday and Sunday
9:00-17:00
Monday to Friday
17:00-9:00
Monday to Friday
0:00-24:00
Saturday and Sunday
9:00-17:00
Monday to Friday
17:00-9:00
Monday to Friday
0:00-24:00
Saturday and Sunday
9:00-17:00
Monday to Friday
17:00-9:00
Monday to Friday
0:00-24:00
Saturday and Sunday
always

The primary systems, which allow both heating and
cooling needs to be met, consist respectively of a gas
boiler and an air cooled chiller; the terminals are four pipe
fan coil units (Corgnati et al., 2013).
Table 5 lists the heating and cooling set points, along with
pertinent schedules.

Schedule

Two different energy carriers feed the cooling and heating
primary systems: electricity and natural gas.
On the other hand, the global energy consumption of the
selected building was evaluated in terms of primary
energy, using the following expression:
=

,

+

,

(4)

where:
E is the global primary energy consumption (kWh);
Qng is the energy delivered as natural gas, feeding the
heating system (kWh);
fPE,ng is the primary energy conversion factor for natural
gas;
Qe is the energy delivered as electricity, feeding the
cooling system (kWh);
fPE,e is the primary energy conversion factor for
electricity.
The values of the primary energy conversion factors, fPE,ng
and fPE,e, assumed in the present analysis (UNI/TS 113004:2016; Delibera EEN 3/08: 2008) are 1 and 2.174,
respectively.
On the top of the reference building three roof options
have been hypothesized and modelled here, that is: a cool
roof (with a solar absorptance of 0.2), a green roof with
low leaf area index (namely LAI = 1) and plant height of
5 cm, and a green roof with high LAI (namely LAI = 5)
and plant height of 20 cm. Table 6 lists the features of the
simulated green roof options.
As far the irrigation, a smart modality has been selected
and an irrigation level of 0.002 meters of water per hour
was ensured from 1st October until 31th May, while for the
rest of time 0.004 meters of water per hour were
hypothesized.
Results of the simulations, carried out using EnergyPlus
software, were compared to the performances of a
conventional roof. In the analysis, the structures of green
roofs were arranged so that their thermal transmittance,
referred to dry soil conditions, meets the thermal
transmittance of the conventional roof. This choice finds
its basis on the willingness to assess the behaviour of such
different components under equal conditions.
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Table 6: Main features of the green roof options used to
carr y out the simulations.
Gr een roofs’ para meter s
Leaf Reflectivity

Values
0.4

Leaf Emissivity

0.9

Minimum Stomatal Resistance (s/m)

180

Roughness

Medium

Soil thickness (m)

0.1

Conductivity of Dry Soil (W/m-K)

0.35

Density of Dry Soil (kg/m3)

561

Specific Heat of Dry Soil (J/kg-K)

1061

Thermal Absorptance

0.9

Solar Absorptance

0.8

Visible Absorptance

0.6

Saturation Volumetric Moisture Content of the
Soil Layer

0.4

Residual Volumetric Moisture Content of the Soil
Layer

0.01

Th e consider ed weather conditions
The analysis presented here has been extended to 65 main
Italian sites. Very different climatic conditions
characterize the territory of the Italian peninsula. In fact,
according to the Köppen climate classification (Kottek et
al., 2006), they span from a relatively cool mid-latitude
version of the continental climate, Dfa, typical of inland
northern areas of Italy, to a Mediterranean climate profile,
Csa, typical of coastal and Southern areas. Parameters
describing the climate conditions are Heating Degree
Days and Cooling Degree Days (UNI 10349:2016;
Federici et al., 2013; Terrinoni et al., 2012). Cities
considered in the analysis (Figure 3) are characterized by
HDD ranged approximately between 1000 and 3000,
whereas CDD ranged between 0 and 120.

Figure 3: Maps of Italy with indications of the
considered sites.

and, hence, allow a reliable appraisal of the effect of the
weather variability on the energy efficiency of the
building envelope.
Climatic data used to execute the simulations are those
reported in the EnergyPlus database (U.S. Department of
Energy, 2018).

Results and Discussion
Results of the simulations executed in the present study
are shown in Figures 4 and 5. Specifically, graphs indicate
for the analyzed four roofing options (standard roof, cool
roof, green roof with low LAI, and green roof with high
LAI) the variation of the building seasonal unitary
primary energy demand (EP) of the case study with the
HDD and the CDD for the analysed sites.
As shown in Figure 4, for each roof option, data correlate
quite well in a second order polynomial regression
indicating that an increase of HDD increases the heating
energy need.

Figure 4: Comparison of the winter energy performance
of the selected four roo f options.
As for the energy performance of green roof and
traditional roof solutions, Figure 4, which compares the
energy use for each roof solution in the winter period,
indicates that both green roof options (with LAI values
equal to 1 and 5) reduce (but for few exceptions in the
case of green roofs with LAI=5) the heating energy need,
when compared to the standard roof, in this way
exhibiting a better performance than that of the standard
roof. In other words, both options contribute to an energy
saving for space heating compared to the traditional roof.
The specific site location does not influence the results.
As regards the cooling season, as shown in Figure 5, for
each roof option, data signal a general trend according to
which an increase of CDD increases the cooling energy
need. In addition, it has not to be overlooked that the link
between cooling energy consumption and CDD is not so
clear as that one between the heating energy consumption
and HDD.

Here, sites selected to perform the simulations have
climate conditions that are representative of this variety
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Figure 5: Comparison of the summer energy
performance of the selected four roof options.
In summer, green roof options behave differently with
respect to traditional roofs, based on the pertinent LAI
value. Specifically, as it can be seen from Figure 5, only
green roofs with high LAI (LAI=5 in these simulations)
contribute to reduce the energy use for cooling, while
green roofs with low LAI (LAI=1 in these simulations)
increase the cooling energy demand compared to that of
standard roof. This result is probably because the low
level of foliage determines, on one hand, a relatively less
cooling effect due to evapotranspiration and, on the other
hand, a somewhat small shading effect of the roof surface.
However, the outcomes of EnergyPlus seem to show that
green roofs with low LAI are not able to release in nighttime the thermal energy accumulated during the diurnal
period, despite at night the outdoor temperature, lower
than the indoor one, should favour this heat loss.
Also in summer period, this behaviour does not seem to
change with the specific site locations.
The circumstance of a negative effect of green roofs on
cooling, that is among the outcomes of the present
analysis, might appear quite surprising; however, such a
result is confirmed by green roof studies present in
literature that report a negative impact of extensive green
roofs on energy uses for cooling too (Silva et al., 2016).
Anyway, as expected, cool roofs have resulted to be the
most efficient option in summer, while the worst in
winter. In addition, this behaviour is independent from the
specific site location.
Figure 6 illustrates through coloured circles the different
values assumed by the indicator in the case of adoption of
cool roofs for different Italian cities. The colour of circles
is correlated to the value of the indicator. In detail, green,
yellow, and red circles refer to values of the indicator
smaller than 0.75, ranged between 0.75 and 1, and higher
than 1, respectively.
As it can be observed from Figure 6, the South and almost
all the costal zones are suitable to take advantage of
benefits provided by cool roofs. Sites located along Alps
and Apennine mounts do not seem to be quite suitable to
cool roofs, while, North areas show a sort of borderline
behaviour, signalling that the adoption of cool roofs is of
controversial convenience.

Figure 6: Classification of the considered sites based on
the indicator proposed by Levinson and Akbari in the
case of cool roofs.
Based on the outcomes of the present analysis, green roofs
with low LAI show an opposite behaviour to that of cool
roofs. They, in fact, unlike cool roofs, reduce the energy
need for heating and increase that for cooling. Then, in
this case, a value of the indicator smaller than 1 means
that increases of cooling needs are higher that the
reductions of heating needs, which in turn mean a net
energy increase. In other words, while in the case of cool
roofs a value of the indicator less than 1 indicates
convenient conditions, in the case of green roofs (at least
for those with low values of LAI) a value of the indicator
less than one signals an unfavourable condition.

Figure 7: Classification of the considered sites based on
the indicator proposed by Levinson and Akbari in the
case of green roofs with low LAI.
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Therefore, the previously described indicator might still
be used for this type of green roofs but with the abovecited differences. Figure 7 confirms such an opposite
behaviour, highlighting a major benefit for the sites in the
North of Italy.
As for green roofs with high LAI values, a positive
contribution is provided for both cooling and heating (but
for few exceptions). In this case, therefore, the indicator
does not give an indication about the energy convenience
(as it does in the case of LAI =1 instead) of the green roof
compared to a conventional roof, but it gives only an
indication regarding the importance of the energy saving
for heating compared to that of the energy saving for
cooling. In other words, in these cases a value of the
indicator less than 1 simply indicates that the reduction of
the energy demand for cooling purposes is higher than
that for heating purposes. As it can be seen from Figure 8,
the smallest values of the indicator have been obtained for
sites located in the South, while the highest for sites
located in the North.

Anyway, the indicator proposed for cool roofs maintains
an effectiveness, particularly related to the fact that it
provides a synthetic quantitative judgement about the
applicability of a green roof by an energy point of view.
Besides, further analyses are needed, particularly
concerning the relationship between types of the
vegetated essences and their effects on the energy
behaviour of buildings.
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Abstract
Building on rooftops has been evident in many European
cities. However, there is no specialized code providing
guidelines to achieve high performance roof stacking
construction. Accordingly, we aim to support the
decision-making on cost-optimal zero-energy roof
stacking when selecting glazing parameters.
A reference model for a passive house made of timber
construction has been developed. A set of variables have
been identified with definitive ranges based on previous
literature and the available materials in the Belgian
market. Then, the objective functions for energy and cost
have been defined for the sensitivity analysis. Finally,
sensitivity analysis has been conducted, in which
variables are evaluated individually based on their
significance on energy consumption and cost has been.

Introduction
As stated by the European Commission, construction
sector is responsible for more than 40% of the total energy
consumption and 36% of the CO2 emissions in Europe.
Thus, building’s energy performance has been put
forward as a key element to achieve the European Union’s
(EU) targets for 2020 to reduce each of the Green House
Gas (GHG) and primary energy savings by 20%. A safe
way towards fighting climate change could be achieved
through providing cost-effective and highly energy
efficient buildings (Knoop & Lechtenböhmer, 2017).
Achieving zero-energy buildings requires using thick
walls and insulations, which is accompanied in most cases
with additional weight in construction (Attia, 2018).
Moreover, cost-optimal measure has been a big concern
in the last decade. Recently, new research agendas for
urban densification started to emerge in response to the
upcoming needs of Europe to accommodate increasing
population while limiting urban sprawling (Attia, 2015).
Many researchers have explored the implications of urban
densification stating that higher densities support efficient
infrastructure and reduces carbon emissions (Amer &
Attia, 2017, 2018, 2019; Amer, Mustafa, Teller, Attia, &
Reiter, 2017; Attia, 2016; Dieleman & Wegener, 2004;
Nabielek, 2011; Skovbro, 2001). Others argue that more
compact forms significantly reduce the energy
consumption on the building and transportation scale
(Ewing, Bartholomew, Winkelman, Walters, & Chen,
2008; Riera Pérez & Rey, 2013; Steemers, 2003).
Marique and Reiter (2014) found that by increasing the

density of a neighbourhood alone without applying
retrofitting measures can reduce up to 30% of the total
energy consumption. Nilsson et al. (2014) came up with
four strategies as an approach towards sustainable urbanrural futures. Yet, a package of polices should be provided
to integrate increasing urban density with higher
concentrations of employments, good transit network,
parking areas and carbon taxing system (Brownstone,
2008; Gaitani et al., 2014; Lehmann, 2012; Madlener &
Sunak, 2011).
On 2010, the European Commission has produced the
Energy Performance of Building Directive EPBD-recast
(European Commission, 2010), which made it possible to
make informed choices that aim to help saving energy
while increasing cost-effectiveness. Since then, several
tools and methods have been proposed scientifically and
practically to achieve zero-energy levels while
maintaining cost-optimal targets. For instance, Georges et
al. (2012) examined a single-family houses in Belgium by
investigating a combination of heating systems and
building designs. Marszal and Heiselberg (2011) aimed to
find optimum life cycle cost measure for net-zero energy
residential house in Denmark by examining three energy
demand and supply systems. Hamdy et al. (2013) carried
out a multi-stage, multi-objective optimization that aims
to achieve cost-optimal and nearly zero energy building
solutions through optimizing building envelop, active
system and onsite renewable energy resources
respectively, followed by a sensitivity analysis for the
escalation rates of energy prices and their effect on the
overall optimization results.
However, none of those methods or tools have been
dedicated to study thoroughly the effect of glazing
parameters and operational schedules on the overall
performance of energy and cost. Only U-values were
concerned for the glazing parameters, which lacks the
description of the operational conditions and their
consequent performance. Accordingly, in this study, we
propose a framework that aim to achieve cost-optimal
energy-efficient construction for roof stacking, by the
mean of studying glazing parameters. In this study,
sensitivity analysis has been conducted using Building
Performance Simulation (BPS) tools, such as EnergyPlus,
and parametric graphical user interface, such as
Grasshopper. The decision-making on cost-optimal and
energy-efficient glazing parameter is given through the
provision of a solution space of glazing design options
and operational parameters.
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Methodology
The methodology of this paper is composed of 3 stages as
shown in Figure 1. First, boundary conditions are set for
the case study in terms of location, layout, and building
parameters. Second, design variables and objectives are
identified on which sensitivity analysis are conducted.
Third and last step, simulation model is setup and
sensitivity analysis is run for design variables.

Figure 3: Typical layout for middle-class residential
houses in Brussels

Figure 1: Research methodology for the sensitivity
analysis
Boundary conditions
This study is a part of an ongoing research project that
investigates new construction on the rooftops of existing
buildings around Europe. Accordingly, a reference model
has been developed for a roof stacking residential module
located in Brussels, Belgium. The module has to follow
the same layout of the existing residential building. Given
that there are several housing typologies, middle-class
residential houses represents the majority of existing
building in Brussels, with a percentage that reaches more
than 75% as shown in Figure 2 (Van de Voorde, Bertels,
& Wouters, 2015). The typical layout for a ground floor
is composed of living, dinning, stairs and additional room
on the backyard. The upper floors consist of bedrooms
and bathrooms as shown in Figure 3.

Case Study
The case study is modelled and calibrated as a theoretical
reference building. The roof-stacking module follows the
same layout of an upper floor of a middle-class residential
house. Moreover, as a prerequisite set by Brussels Capital
region, every new construction should follow the Belgian
passive house standards, which has been adopted in this
research in the calibration process. The added module is
made of timber framing as a best practice for lightweight
construction. Therefore, as shown in Table 1, wall and
roof sections are well insulated with U-value of 0.126
W/m2K, and 0.095 W/m2K respectively. The windows are
double glazed with U-value of 0.8 W/m2K and Window
to Wall Ratio (WWR) of 30% in the south façade and
WWR 20% in the north façade. However, for sensitivity
analysis, glazing properties, WWR of each façade, in
addition to shadings with different operational schedules
are going to be examined in the following section.
Table 1: Case study building properties
Component

Properties

U-value

Roof

450 mm timber structure
with Mineral wool
insulation

0.095
W/m2.K

Wall

340 mm timber structure
with Mineral wool
insulation

0.126
W/m2.K

44 mm Triple glazing with
Argon filling

0.8
W/m2.K

WWR South

30 %

-

WWR North

20%

-

Window

Figure 2: A perspective for a middle-class housing
typology

A mechanical ventilation with 70% efficiency of heat
recovery has been used, in addition to a heat pump for
heating and cooling, with a value of Coefficient of
Performance (COP) equal to 4.0, with 20C heating set
point, and 26C for cooling set point temperatures, based
on ASHRAE standard 55-2004 for adaptive comfort
model. Most importantly, indoor air temperature should
not exceed 27C for 5% of the occupied hours to comply
with passive house standard in Belgium.
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Modelling, simulation and calibration
Before running sensitivity analysis, the model has been
simulated and calibrated based on the monthly monitored
values of the heading demand and average indoor air
temperature of the reference model of a passive house.
The calibration process has been carried out with the
parameters of the boundary conditions, which includes
building envelope and HVAC system.
Rhinoceros 3D and Grasshopper parametric tool have
been used for modelling. While, Ladybug and Honeybee
plugins have been used for the simulation process
(Sadeghipour Roudsari & Pak, 2013). Ladybug and
Honeybee plugins are used as interfaces for OpenStudio
simulation software and EnergyPlus simulation engine. In
order to run the simulation parametrically, an additional
plugin has been used named Colibri. This plugin is
capable of exporting the results directly to Excel files, in
which the post processing phase takes place.
Design Variables
In this paper, design variables have been limited to
building envelope’s glazing surfaces, this includes
glazing properties, WWR for each of north and south
façade, shading, and operational schedule based on
various set point direct solar radiation values as shown in
Table 2. The properties of building materials for each of
the boundary conditions and design variables have been
obtained from “Dataholz”, the European timber based
materials database. Whereas the prices have been
obtained from the annual Belgian database of construction
works “Bordereau des Prix Unitaires”. The discount
factor is equal to 15.43, taking in account the escalation
rate of energy price in Belgium with a value of 2.7%.
Table 2: List of variables and values
Component

Variation

Initial Cost

WWR (North &
South)

10% - 90% (10%
uniform step)

Glazing

0.8 / 0.6 W/m2.K

650 €/m2 (0.8)
750 €/m2 (0.6)

Shading

External blinds / no
Shading

230 €/m2

Solar
radiation
Set Point

50 – 850 (20 W/m2
uniform step)

-

Design objectives
Two design objectives have been set in this paper: Energy
consumption and Life Cycle Costing (LCC). Energy
consumption takes into account heating, cooling and fan
consumption for each of the heat pump and ventilation
system as shown in Equation (1).
EC = He + Ce + Fe
(1)
Where He stands for heating consumption, Ce stands for
cooling consumption, and Fe stands for consumption of
the fans for each the heat pump and ventilation system.
LCC takes in consideration each of the initial cost of
building elements, replacement, and operational cost as
shown in in Equation (2). Operational costs are based on
the energy prices in Belgium and count the effect of the
change in building element’s parameter on each of the
heating and cooling. Maintenance costs have also been

excluded from this equation because sensitivity analysis
is going to be conducted for window and shading
elements, which are only counted in the replacement
costs. Therefore, there are not maintenance costs during
their lifetime.
LCC = ∑ij=1 ICj + ∑ij=1 RCj + OC

(2)

Where IC stands for investment cost for each building
element. RC stands for the replacement cost for
replaceable building elements such as windows and
shading. OC stands for operational costs. LCC has been
calculated on a 30 years span, which takes in
consideration inflation rates in Belgium in each of the
replacement and operational costs, i denotes the indexes
for each design solution, while j denotes the index for
each design parameter. Yet, the difference of LCC
(dLCC) between the base case and simulated parameter is
more important than predicting the actual value of LCC,
which has been considered in this study. For instance,
additional costs related to labour and installation, as well
as HVAC system, have not been considered in this study
since that they are given a constant value, which will not
make a difference when comparing the results with each
other in the sensitivity analysis.
The outcome of the dLCC varied between positive and
negative values. Negative values represents a costefficient solution. Whereas positive values represents
solutions with higher LCC than the base case.

Sensitivity analysis results
Sensitivity analysis has been carried out on two different
levels. The first level aims to test different WWR with
different thermal transmittance values for each of the
north and south facades without any shading. While the
second level aims to test the operation of shading
elements under different set points of solar radiation on
the southern façade. Sensitivity analysis has been
conducted on the energy consumption for heating,
cooling, and ventilation, and the difference of LCC
between the base case and the new simulation parameter.
Different WWR have been examined ranging between
20% and 90% with a uniform step of 10%. Moreover, two
different glazing types have been examined. The first
glazing have 0.8 u-value, which complies with passive
house standards. The second glazing have 0.6 u-value,
which has higher performance than the threshold required
by passive house standard. On the same level, dLCC has
been calculated for each case of WWR and both glazing
thermal transmittance values.
Sensitivity analysis for window ratio – South
By changing window ratios, a difference has been resulted
in terms of energy consumption and LCC. However,
changing window ratio on the southern façade has shown
a higher effect from that on the northern façade. As shown
in Figure 4, by increasing window ratio on the southern
façade, more energy is consumed for heating and cooling.
However, the rate of increase in energy consumption for
0.6 u-values glazing is higher between 20% and 40%
WWR, and then there is barely an increase with WWR
higher than 50%, with a total increase of 3%. Whereas for
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0.8 u-values, the significant increase in energy
consumption starts from 70% WWR and more, with a
total increase of 6%.
When comparing the difference in LCC, there has not
been a significant change between 0.8 and 0.6 u-value
glazing, where both have a linear increase when
increasing WWR. However, using 0.6 u-value glazing
tends to cost more than 0.8 u-value glazing due to the
increase in the initial and replacement costs without
significant decrease in the energy consumption values.
In both cases, it has shown that when reducing the WWR,
there is a significant reduction in the energy consumption
as well as the difference in LCC.

Figure 4: Sensitivity analysis for WWR and glazing on
the southern façade
Sensitivity analysis for window ratio – North
The results are relatively the same in the northern façade
regarding energy consumption and difference in LCC as
shown in Figure 5. The more window ratio the more
energy is consumed and LCC. The rate of increase for
each of both glazing types are the same, with a slightly
better performance in terms of energy consumption and
dLCC for glazing with 0.8 u-value.
The energy performance of both glazing u-values are
negligible with bigger WWR on the north façade.
However, there is a significant difference in the dLCC
between both glazing values, with a difference of more
than 20 Euros/m2. Yet, the difference in energy
performance in smaller WWR between glazing values is
very small, with a value of 0.5 kWh/m2/yr. Thus, it makes
a difference using different glazing on different façade in
the initial and running cost of the building.

Figure 5: Sensitivity analysis for WWR and glazing on
the northern façade
Sensitivity analysis for solar radiation set points
On the second level of the sensitivity analysis, the
orientation and WWR have been fixed. A shading
element, venetian blinds, has been added to the window
externally. The parameters of the shading element in
terms of spacing, width, and distance to window have
been fixed. The variation has been made to the operational
schedule, which has been linked to the global solar
radiation (the accumulation of direct solar radiation from
the sun and diffuse solar radiation form the sky) that falls
on the window surface. As shown in Figure 6, three
different set points of solar radiations have been
compared to no shading blinds as a base case, which are
300, 400, and 500 W/m2. The operational schedule works
on an hourly basis, where the operation of the shading
elements has been linked to the hourly global radiation
extracted from the Typical Meteorological Year (TMY)
weather file of Brussels city. As given by the weather file,
the global solar radiation in Brussels reaches up to 878
W/m2 in the most sunny days.
Table 3: The percentage of global solar radiation values
in Brussels
Global solar radiation
(W/m2)

Number of
hours

Percentage
(%)

≤ 50
51-150

5389
1161

62%

151-250

763

9%

251-350

548

6%

351-450

301

3%

451-550

262

3%

551-650

182

2%

651-750

93

1%

751-850

57

1%

850 ≤

4

0%

13%

As shown in Table 3, the values of global solar radiations
are divided into 10 segments, which shows that more than
60% of the yearly hours lie under has a minimum
radiation that ranges between 0 and 50 W/m2. This range
includes night hours. The second most dominant range
lies between 51 and 550 W/m2, which represents more
than 30% of the yearly hours. Whereas only 13% of the
year has global solar radiation more than 350 W/m2.
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As shown in Figure 6, different set points of solar
radiations are examined on three different window ratios:
20, 50, and 90%. By adding external blinds, additional
costs significantly affects the dLCC on all levels.
However, the significance of external blinds is different
based on the set points solar radiation. When having
smaller WWRs, the difference in set points do not make a
huge significance in reducing energy consumption, and

therefore the dLCC. In contrary, the larger WWR, the
higher significance we achieve from external blinds. The
results shows that when adjusting lower set points, there
is tendency to consume higher energy. This is due to
blocking solar gains needed for passive heating. Whereas
when adjusting higher set points (e.g. 500 W/m2), it helps
blocking excess solar gains, and therefore reducing
cooling demands.

Figure 6: Sensitivity analysis for set points of solar radiation on different window ratios
Even though, since that energy savings from the glazing
Discussion
with higher efficiency is more than that with relatively
The comparative difference in the costs (initial cost &
lower efficiency, there is no significant improvement in
present worth) of one meter square for each of the wall
the dLCC. The difference in the present worth of both
and window surface without any external shading is
window types is around 15% higher, whereas energy
significant. Thus, the local prices of building materials
consumption reduction has reached a maximum of 4% in
makes a difference in terms of LCC, and as a results,
the southern façade, and 0.5% in the northern facade.
dLCC for one solution in one country would definitely
According to the examined case study, a reasonable trade
differ from another country. As shown in the previous
off could be made for thermal transmittance of glazing
results, dLCC has been affected by the initial prices of
when window ratios range between 20% and 70% on the
building materials more than that of the operational
southern facade. Whereas on the northern façade, glazing
energy prices. According to the prices of building
with higher transmittance (e.g. 0.8 W/m2.K) has better
materials in the Belgian market, one square meter of a
performance on both the energy consumption and dLCC.
timber wall with insulation is equal to more than 260
While, when having higher WWRs (more than 80%), it is
Euros, and 300 Euros for roof construction. Whereas the
recommended to use external blinds, which reduces the
price of one square meter of glazing surface reaches
solar heat gains and therefore cooling loads when adjusted
between 650 and 750 Euros, depends on the type of
on 500 set points solar radiation. When adjusting on lower
glazing. Therefore, on the building level, the more
set points, there is a potential of reducing solar gains
surfaces examined, the higher the difference in the prices.
needed for passive heating and therefore reducing heating
On the building level, even though the present worth
loads. Even though, when adding no blinds, there is
(initial + replacement cost) have the same range
significant reduction in the LCC due to eliminating the
difference, in term of price, on both façade, their effect on
additional cost of the shading element, it is still
the dLCC differs. On the southern façade, the difference
recommended to add external blinds. This is due to its
in LCC is higher than that of the northern façade. This is
added function of blocking direct sunlight in the summer,
due to the higher difference in energy consumption, and
which could affect the visual comfort for the occupants,
therefore the operational cost for heating and cooling.
which has not been studied due to the limitations in the
scope of this research.
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Conclusion
This research contributes in the field of decision making
based on multi-disciplinary design approach. The results
of this study shows the effect of window configurations
on the energy consumption and dLCC. As mentioned in
the boundary conditions of the case study, glazing
surfaces have wall section has a u-value of 0.8 and 0.6
W/m2.K compared to walls section with a u-value 0.12
W/m2.K, which are equivalent to 5.6 and 4 times the wall
section. Sensitivity analysis shows the effect of the higher
thermal losses occur by increasing window surface,
which tends to make to alter simulation results in the
favour of higher performance glazing.
In the given case study, it is recommended to use lower uvalues for glazing on the northern façades for all window
ratios. Whereas, it is recommended to use higher u-value
for glazing on the southern façade for all window ratios,
especially when having WWR more than 60%.
Further studies are recommended to study the effect of
shading elements on different window ratios. Given the
results of this research, set points of global solar radiation
could be reduced to include those that ranges between 50
and 550 W/m2, with higher interval ranges (e.g. 50 W/m2
instead of 20 W/m2). Thus, parametric simulations and
sensitivity analyses could be conducted on different
window ratios on the southern façade.
The importance of this research lies in providing robust
and scientifically proven guidelines for those who are in
charge in taking the decision in the design and
construction. By improving the quality of roof
construction in terms of energy and finance, there is a
huge potential to provide the opportunity for a complete
and deep renovation, and therefore reducing the overall
ecological footprint on the city level when applying the
best practices in construction.
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Abstract
Nowadays there is an ever-increasing need for energy
transition for moving towards a carbon-free economy and
buildings play a crucial role in this process, targeted to
reach a 90% reduction by 2050. Zero-carbon building
concept is taking hold, showing uncertainties and
challenges in its achievement. The work focused on the
issue of existing hotels, with the aim of investigating the
possibility of achieving the ambitious zero-carbon targets.
A reference hotel and different retrofit scenarios were
simulated through EnergyPlus, in two Italian cities, Milan
and Bari, evaluating the models with a multi-objective
approach, in terms of comfort, energy and emissions
reductions.

Introduction
Climate change is becoming apparent, arising growing
concerns in the consciences of policymakers on the theme
of greenhouse gas (GHG) emissions and their reduction
in next years. The focus on a carbon neutral development
has led national governments and international
associations to define new concepts of sustainable city,
often labelled as “low-carbon” or “Post-Carbon”, aiming
to reduce greenhouse gas emissions in all economic
sectors and to make the development of economic
activities and the environmental protection compatible
(Nakata et al, 2011). From the viewpoint of a transition
towards a carbon-free economy, buildings play a crucial
role, due to their serious impact on the environment;
buildings are responsible of approximately 40% of total
final energy consumption and one third of global GHG
emissions. These numbers highlight how this sector is at
once one of the main causes of anthropogenic climate
change and the economic sector with highest potentiality
of energy and economic savings in the short-term, able to
offer the most economically advantageous and easily
applicable solutions. For this reason, European
Commission has set ambitious targets of emissions
reduction in the building sector, in order to reach a 90%
cut for 2050 with respect to 1990 levels, as established by
Roadmap 2050 (European Commission, 2012); this will
be possible only thanks to the beneficial combination of
demand reduction, energy efficiency and renewable
energy integration actions (IPCC, 2007). What has been
said so far underlines the view that the first step towards
the actualization of a Post-Carbon City is the careful study
of its composing elements and the achievement of
buildings more and more efficient and sustainable. In this

context, besides the well-known definition of nearly zeroenergy buildings (NZEB), introduced in the Energy
Performance of Building Directive (EPBD) Recast
(European Commission, 2010), the new concepts of lowcarbon or zero-carbon building are spreading, defined as
buildings able to emit lower GHG emissions with respect
to traditional ones. However, if from one side new
constructions can (and must) be easily built as low-energy
or low-carbon buildings thanks to the highly efficient
technologies diffused in the market, on the other side the
energy retrofit of existing buildings represent the biggest
challenge of recent years. In this regard, the critical
conditions of the existing building stock from an energy
standpoint render it a sector rich of opportunities for
savings, also considering that most of European countries
experienced a housing boom between 1961 and 1990 and
that 40% of buildings were built before 1960, when the
current energy efficiency requirements were not in force
and just a part of this stock was subsequently retrofitted
(BPIE, 2011). However, despite the saving potentialities
enclosed in the existing stock, the theme of its
requalification must be addressed with caution; indeed,
the great variety of existing buildings, different in terms
of periods of construction, size, location and typology of
use, makes it hard to define a single approach to the
problem. In this framework, non-residential buildings
stand out as a challenging category to retrofit, varying
significantly in terms of use, typology, and energy
characteristics. As all the main economic sectors, tourism
is surely not exempted from the European targets
(European Commission, 2012), considering the
remarkable impact it has on people lives and environment
(Beccali et al, 2009). Indeed, hotels are among the most
energy-consuming non-residential buildings, due to the
energy-intensive provided services, the fluctuation in
occupancy levels and the preferences in terms of thermal
comfort, as well as their nonstop work (24/7). According
to (HES, 2011), hotels rank fifth in the tertiary sector in
terms of energy consumptions, lower only to commerce
buildings, hospitals and offices. Furthermore, it was
estimated that in 2005 the entire tourism sector
contributed to 5% of global GHG emissions and that 20%
of these were generated by hotels themselves (HES,
2011a). United Nations World Tourism Organization
(UNWTO) appraised that, in a business-as-usual scenario,
GHG emissions of the sector will increase of +161% by
2035, with respect to 2005 levels (UNWTO, 2008). For
this reason, actual tendency is to promote a sustainable
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tourism, as confirmed by the great amount of green labels,
campaigns and initiatives (i.e. Nearly Zero Energy Hotel,
NEZEH (2016), HES (2011b), etc.), spreading to increase
people’s awareness towards a not disruptive and ecofriendly kind of tourism. Energy savings opportunities are
high in tourism sector, especially in cases where a
considerable amount of energy is due to evitable wastes
or bad managements (i.e. guests’ low attention on
thermostat control, non-controlled window opening, etc.).
Thanks to the crucial role that hotel buildings plays in the
definition of a Post-Carbon City, the paper aims to
investigate the possibility of achieving the aforementioned low-carbon targets for hotel buildings, i.e. to
achieve an hotel with the main scope of reducing its
carbon emissions, without reducing the high-level
comfort and services requested by guests. The zerocarbon theme appears complex and challenging at once
and these difficulties are even more exacerbated for nonresidential buildings, whose stock is far less covered, due
to the difficulties in tracking the existing stock of all
different non-residential types. For non-residential
buildings, thus, the concept of low carbon building
appears to be less applied, due to energy consumptions
not always easily reducible. Given the above
considerations, the work aims firstly to extend the concept
of low carbon building, so far addressed in literature
mainly at residential level, to the hotel category. Then, the
paper concerns the energy dynamic simulation (using
EnergyPlus software) of a reference hotel, poorly
efficient, and the modelling and simulation of different
retrofit scenarios, both at system and envelope levels, for
evaluating which measures are able to considerably
reduce the building overall emissions. Analysis is based
on the “whole building approach” (introduced in
(European Commission, 2010)), meaning that, in case of
retrofit, it is fundamental to find the right compromise
between an envelope with good thermal performances and
an efficient HVAC system configuration, which should be
appropriate in function of climatic conditions. Indeed, it
is globally recognized that external climatic conditions
and envelope characteristics are among the factors that
most influence energy consumptions. In this regard, since
South Europe is characterized by extremely different
climates, resulting in a great variety of scenarios, it
happens often that a retrofit solution that results efficient
in a city may not be the right one for another, even if
geographically close. In the light of this, the study
considered two Italian cities, Milan and Bari,
characterized by different climatic condition, in order to
verify how far these are able to influence the choice of the
best technologies in terms of emissions reduction.

Methods
Zero-carbon building definitions: review
The complexity of the zero-carbon concept appears
evident from the scarcity of information and norms,
contributing to the absence of a definition globally
approved and adopted. As affirmed by Pan (2014), the
term zero-carbon building (ZCB) is slightly new, despite
the research on low-energy and low-carbon buildings

dates back to the 1940s. Whilst today the concept and
assessment methodology of NZEB is known and clear, the
ZCB concept experienced a low uptake since now (Pan,
2014). Nowadays, there exists several different terms and
definition, which increase the complexity and
misunderstanding on the topic. In (Pan, 2014), a careful
literature review on some of the main definitions of ZCB
was carried out. UK was the first country to introduce the
ZCB in its policies; in particular, the UK definition of
ZCB considers a building with null emissions over one
year. In this regard, there is debate on which emissions
should be accounted in the calculation, if only regulated
emissions (emissions due to space heating, water heating,
space cooling, ventilation and lighting) or complete
emissions (also considering the non-regulated emissions,
i.e. emissions due to cooking, washing and electrical
equipment), being nowadays the first ones preferred (UK
Government, 2010). Australian definition of ZCB again
considers net null emissions over one year, and it depicts
in general terms a ZCB as “a building that has no net
annual Scope 1 (onsite emissions) and Scope 2 (from
generation of electricity used in the buildings) emissions
from the operation of building-incorporated services”.
However, the Australian Sustainable Built Environment
Council (ASBEC, 2011) identified several definitions,
different according to the system boundaries and scope of
the analysis, among which two are relevant for the scope
of the paper: zero carbon building and zero carbon
occupied building. The first term accounts for only
building emissions, meaning “emissions associated with
the operation of building-incorporated services, as space
heating and cooling, lighting, ventilation, cooking,
washing, while the second term also includes the so-called
occupant emissions, “associated with appliances and
equipment brought into a building when it is occupied”
(ASBEC, 2011). Finally, in US, there exists the definition
of “Net Zero Energy Emissions”, meaning a building that
“produces at least as much emissions-free renewable
energy as it uses from emissions-producing energy
sources”. This is the sole definition explicitly referring to
renewable energy sources (RES), mainly onsite, needed
to satisfy buildings energy demands (Pan, 2014).
It has to be noted that the majority of definitions so far
introduced does not specify the building uses (residential
and non-residential), not differentiating them in function
of their energy behaviour. Nevertheless, despite the
several definitions present worldwide, calculation
methodology is clear only in the UK legislation,
differently for residential and non-residential buildings.
For the first category (Zero Carbon Hub, 2014), UK
legislation provides maximum values of GHG emissions
(i.e. carbon compliance), according to the typology of
building (single-family house, terraced house and
apartment block). For non-residential buildings, instead,
the proposed approach (UK Government, 2006) is
different, since a single requirement cannot be fixed for
the whole sector, due to the evident differences among the
different typologies within the sector. For this reason, UK
legislation defines the compliance with zero-carbon
targets in terms of percentage reductions of GHG
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emissions with respect to a reference building (with same
shape and size of the analysed building) and it established
three scenarios of decarbonisation: low, medium and high
scenarios, aiming at -44%, -49% and -54% of emissions
reduction, respectively (UK Government, 2006).
In conclusions, besides the lack of an explicit definition
and calculation methodology, especially for nonresidential buildings, boundary conditions are often not
clear; definitions in literature greatly vary in terms of
accounted emissions, analysis periods and study
boundaries. Moreover, in many cases, the sole on-site
renewable energy generation is accounted for satisfying
building needs, making it hard to reach the zero-carbon
target for several building typologies. Under this article,
different ZCB definitions were tested for non-residential
buildings and for hotels, analysing the possibility of
achieving the ZCB targets. UK calculation methodology
for non-residential building was considered, to establish
the zero-carbon targets. Moreover, three definitions were
considered: 1) UK definition of zero carbon building
(with only regulated emissions accounted); 2) Australian
definition of zero carbon building; 3) Australian
definition of zero carbon occupied building.
Reference hotel model
The building energy assessment was performed using the
dynamic energy simulation software EnergyPlus (version
8.4). The study was developed using the reference
building approach, each RB defined as a typical building
considered representative of a portion of the building
stock (Ballarini et al, 2014b). In particular, for the hotel
case study, the RB was built starting from the model of
“Large Hotel post 1980” defined by the US Department
of Energy (DOE) and adjusting it in order to obtain the
desired features (see Figure 1). The choice of the
construction period was made in full acknowledgment of
the evolution of Italian hotel facilities in the last decades
(Federalberghi, 2014), choosing a hotel representative of
the majority of hospitality buildings diffused in the period
post 1980 in Italy. The selected RB is a seven-story hotel,
with a net conditioned area of approximately 11’348 m2.
The building has a rectangular plant, with the major
façades North- and South-oriented; the window-to-wall
ratio is 34%. A lobby, a storage, a technical room, a
laundry and a café for guests’ exclusive use constitutes
the ground floor (net conditioned area of 1’979 m2).
Guestrooms and distribution areas occupy the
intermediate floor (net conditioned area of 1’478 m2),
while the last floor (net conditioned area of 1’478 m2)
presents a kitchen, two breakfast rooms and a corridor, as
well as guestrooms. Totally, the hotel presents 179 rooms,
of which 161 with an area of 25 m2 and 18 of 39 m2.
Finally, a conference room and a wellness centre
constitute the underground floor (net conditioned area of
1’979 m2). All the construction typologies were derived
from European project Typology for Building stock
energy Assessment (TABULA) (Ballarini et al, 2014a),
referring to 1976-1990 period of construction. Due to lack
of data, identical thermal features were assumed for both
locations. Materials properties are taken from (UNI EN
ISO 10351, 1994; UNI EN ISO 11300-1, 2014). Internal

heat sources, due to occupancy, lighting and electrical
appliances, were set in compliance with regulations (UNI
EN 15251, 2008; UNI 10339, 1995; ISO 18523-1, 2015),
as well as the associate annual usage patterns.

Figure 1: Reference hotel.
Typical climatic conditions were taken from DOE
Weather for Energy Calculation Databases of Climatic
Data. In compliance with Italian regulations (MiSE,
2015), heating and cooling seasons were set in accordance
with the locations climatic zones. In Milan, belonging to
climatic zone E, heating season ranges from 15th October
to 15th April; in Bari, belonging to climatic zone C,
heating season ranges from 15th November to 31st
March. Cooling seasons were set accordingly. The
building was divided into 21 thermal zones, all
conditioned with different schedules and operative
temperature set-points, the latter being fixed according to
comfort class I of UNI EN 15251 (2008). Table 1
summarizes set-points and set-backs of different thermal
zones. Heating system operates only during the heating
season, while cooling system is active during the whole
year.
Table 1: Operative temperature set-points and set-backs
and HVAC operational schedules.
Set-points
and schedule
Guestrooms
Café
Breakfast
rooms
Others

Heating

Cooling

21 / 15°C
18:00-09:00
21°C
00:00-24:00
21 / 15°C
06:00-11:00
18°C
00:00-24:00

25.5 / 28°C
18:00-09:00
25.5°C
00:00-24:00
25.5°C
06:00-11:00
25.5°C
00:00-24:00

Winter
cooling
25.5°C
18:00-09:00
25.5°C
00:00-24:00
25.5°C
06:00-11:00
25.5°C
00:00-24:00

The reference hotel technical system was modelled in
accordance with (Winiarski et al, 2006). Space and water
heating are provided by a natural gas boiler, with a
theoretical efficiency of 88%, and space cooling by a
water-cooled chiller with a 3 EER. Heating terminals are
different in the modelled thermal zones. Specifically, in
guestrooms, four-pipe fan coils were modelled, realizing
a double circuit for hot and chilled water, allowing their
simultaneous delivery in different rooms. Variable air
volume (VAV) systems with zonal post-heating were
installed in the remaining thermal zones, in order to
respond contemporary to different needs. In particular,
three separate air-handling units (the former serving
kitchen and laundry, the second one providing air to the
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sole conference room and the latter serving the remaining
zones) provide a centralized handling, delivering air with
equal temperature and relative humidity characteristics; a
zonal post-heating battery performs the final air postheating, allowing a local control.
Retrofit scenarios
Different retrofit measures were defined and simulated
using EnergyPlus software. The same hypotheses were
applied for the hotels located in Milan and Bari, in order
to verify the effect of climate, aiming at identifying the
retrofit measures able to guarantee highest emission
reductions. Retrofit measures were divided into Envelope
Retrofit Measures (ERM) and System Retrofit Measures
(SRM). ERM_1 considers the addition of an external
coating insulation layer of Sintered Polystyrene Foam on
external walls and roof, with specific thickness values in
the diverse considered locations, to obtain U-values in
compliance with the Italian legislation requirements for
the climatic zones (MiSE, 2012). ERM_2 consists in
windows replacement, always aiming at satisfying
minimum requirements. Table 2 gives a bird’s eye on the
new thermal features introduced by ERM_1 and ERM_2,
compared to those of the reference hotel.
Table 2: Thermal features of main external envelope
components, reference hotel and law requirements.
U-values [W/m2K]
External wall
Roof
Window

Reference Hotel
0.76
0.75
3.7

Milan
0.30
0.25
1.8

Bari
0.37
0.34
2.4

Furthermore, on the technical side, eight SRMs were
defined. SRM_1 considers the substitution of the installed
lighting systems with LED technology in all the thermal
zones. SRM_2 assumes the installation of VAV in
guestrooms (substituting the existing fan coils), the
installation of cross-flow plate heat recovery units in the
AHUs and the substitution of boiler and chiller with
better-performing ones (efficiency of 0.92 and 3.5,
respectively). SRM_3 and SRM_4 options consider the
adoption of renewable energy technologies, considering
different mix of PV panels and solar collectors.
Specifically, SRM_3 considers the installation of both PV
panels and solar collectors on available surfaces, while
SRM_4 considers the adoption of sole PV. SRM_5
evaluates the hotel connection to a district heating
network. Finally, SRM_6, SRM_7 and SRM_8 consider
the substitution of the original natural gas boiler with
other heating systems, condensing gas boiler (theoretical
efficiency equal to 0.95), an electrical boiler (theoretical
efficiency of 0.95) and air-to-water heat pump (COP of
4), respectively. All these measures were combined into
different packages, obtaining two Envelope Retrofit
Packages (ERP), for Milan and Bari respectively
(including both ERM_1 and ERM_2 at once), and seven
System Retrofit Packages (SRP), equally implemented for
the hotels in both locations (see Table 3).
Table 3: Definition of System Retrofit Packages (SRPs).
SRP_1

SRMs in different SRPs
SRM_1

SRP_2

SRM_1 + SRM_2

SRP_3

SRM_1 + SRM_2 +SRM_3

SRP_4

SRM_1 + SRM_2 +SRM_3 + SRM_5

SRP_5

SRM_1 + SRM_2 +SRM_3 + SRM_6

SRP_6

SRM_1 + SRM_2 +SRM_4 + SRM_7

SRP_7

SRM_1 + SRM_2 +SRM_4 + SRM_8

Finally, starting from the reference hotels (M0 and B0, for
Milan and Bari respectively), two scenarios were defined,
based on different combinations of envelope measures,
building technical systems and on-site renewable energy
sources. The former (scenario 1) assumes not to intervene
on the envelope, presuming to act on the sole technical
systems and applying the seven SRPs (obtaining seven
scenarios for Milan and seven scenarios for Bari). The
latter (scenario 2) considers intervening on both envelope
and technical sides, combining SRPs with the ERPs,
needed to satisfy Italian U-value law requirements
(obtaining seven scenarios for Milan and seven scenarios
for Bari). Finally, to consider the effect of the sole
envelope retrofit, two models were simulated (M0_law
and B0_law, for Milan and Bari, respectively), which
consider the application of ERPs on the reference hotels
(M0 and B0), without acting on HVAC systems. Each
model is identified by a code, in which the letter identifies
the location (M for Milan and B for Bari), the number the
system package implemented. In addition, since the
second scenario aims to satisfy the U-value law
requirements, the code of each model is followed by
“law”. In conclusion, 2 reference hotels and 30 retrofit
scenarios were totally modelled, with detailed sub-hourly
simulations and obtaining results on annual basis.

Results and discussion
Energy efficiency, carbon emissions and thermal comfort
analysis are essential elements to consider when
approaching the design of zero carbon buildings. The 32
simulated models were assessed with a multi-objective
approach, evaluating thermal comfort, energy
consumptions, and GHG emissions, in absolute values
and in percentage terms with respect to reference models.
The main scope was to compare the energy behaviour of
the different retrofitted hotels and to visualize the retrofit
scenarios able to guarantee higher GHG reductions, in the
two selected climates, without affecting guests’ thermal
comfort. In this regard, for all simulated hotels, thermal
comfort was monitored in terms of Predicted Mean Vote
(PMV), indicator defined by Fanger as the mean vote of
thermal sensation on a -3 to +3 scale, where 0 corresponds
to the thermal neutrality condition. UNI EN 15251 (2008)
identifies four comfort classes (from I to IV), related to
different ranges of PMV (Class I: -0.3<PMV<0.3; Class
II: -0.5<PMV<0.5; Class III: -0.7<PMV<0.7; Class IV:
PMV>0.7), where Class II corresponds to the condition of
thermal neutrality. UNI EN 15251 established that the
assessment of thermal comfort based on PMV should be
done in thermal zones were occupants spend most of the
time and thus calculations were carried out for the rooms.
The analysis aimed to evaluate if the different retrofit
scenarios are able to guarantee appropriate conditions of
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thermal comfort (Classes I and II) in the rooms during
occupancy hours (5475 out of 8760 hour in one year).
Figure 2 presents the analysis for Milan and for the Southoriented rooms. It appears that, during the occupancy
period, for all the retrofit scenarios, for approximately
90% of the time PMV belongs to Classes I and II. The
same analysis was carried out for North-oriented rooms
and for Bari as well. Generally, despite a better behaviour
in South-oriented rooms in both location, due to higher
solar exposure, obtained results were positive, showing
high level of thermal comfort for the majority of the
occupancy hours in all scenarios and locations. Other
things being equal, it was possible to note that comparing
the same retrofit scenarios, with and without envelope
retrofit, it was possible to observe that the percentages of
Classes I and II increase, showing slightly better thermal
comfort conditions for the “law” models.

Figure 2: PMV distribution in UNI EN 15251 Classes
for South-oriented rooms, Milan hotels.
However, the focus of the analysis was obviously that of
comparing the GHG emissions generated by the different
simulated models, especially in order to evaluate their
capability in achieving the zero-carbon targets defined for
the study. Energy-related emissions were calculated using
the emissions factors defined in (ISO 52000-1, 2015) for
different energy carriers. Based on the UK calculation
methodology, three emission reduction targets were
defined (low scenario -44%, medium scenario -49%, high
scenario -54%). These values were compared to the
percentage reductions of simulated models calculated
with respect to the emission levels of the reference hotels
(M0 and B0). The research considered the three ZCB
definitions previously defined: the UK zero-carbon
building (case I), the Australian zero-carbon building
(case II) and zero-carbon occupied building (case III)
definitions. Graphs in Figures 2 represent, for the hotels
located in Bari (Figure 3a) and Milan (Figure 3b)
respectively, the GHG emission reductions in the
different models, calculated with respect to the reference
hotels. The horizontal lines represent the zero-carbon
targets, fixed by UK Government (2006). Two
fundamental results come out. Firstly, the role of
electrical equipment in the GHG emissions accounting
appears to be significantly relevant, justified by the
difference between emission reductions for case I (green)
and case II (yellow). Moreover, both graphs highlight the

difficulty in achieving the three targets; it appears clearly
that only in case occupant emissions are not accounted
(totally, case I or partially, case II) it is possible to achieve
at least one of the defined targets.
Due to the effect of electrical equipment using in the
overall carbon footprint of the simulated hotels (which
account for approximately 30% of total GHG emissions),
the Australian definition of zero carbon occupied building
(case III, in yellow) seems to be the most comprehensive
for this research, able to account also for occupant
behaviour aspects.

Figure 3: Annual GHG emissions reduction and zerocarbon targets, Bari above (2a) and Milan below (2b).
The graphs in Figure 4 are built according to the
Australian definition (case III), showing the retrofit
scenarios ordered for decreasing emissions, in order to
investigate the best solutions for the hotels located in Bari
and Milan. Figure 4 reveals two important elements.
Firstly, the differences between Milan and Bari show how
climate can strongly influence the choice of the best
retrofit scenario for a certain location. Indeed, best
solutions in the two Italian cities are different; in Bari
(Figure 4a), B7_law (combination of envelope measures
and installation of an electric heat pump) guarantees the
highest GHG emissions reduction (-43%), since in South
Italy heat pump benefits from higher external temperature
in winter season. Next up, condensing gas boiler
(B5_law) and heat pump without envelope retrofit (B7)
can be found, guaranteeing -41% and -40% emissions
reduction, respectively. As for Milan (Figure 4b), instead,
models with highest GHG reductions are those still using
gas as main energy carrier for space and water heating;
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indeed, for Milan, higher GHG emission reductions can
be found for M5_law (-43%), M3_law (-41%), and
M4_law (-40%), all characterized by higher levels of

envelope insulation and by condensing gas boiler,
traditional gas boiler and district heating as technological
options, respectively.

Figure 4: GHG emissions, zero carbon occupied building (case III), Bari above (4a) and Milan below (4b).
As expected, moreover, insulation effect is stronger in
cold climates. In Milan (Figure 4b), the sole envelope
retrofit scenario (M0_law) guarantees an emission
reduction of -14%, opposed to the -4% obtained in Bari
(B0_law). Even though M0 and B0 present identical
thermal features (in terms of U-values), M0_law and
B0_law were built according to the minimum
requirements defined by current legislation (MiSE, 2015)
and fixed differently according to the belonging climatic
zones. In particular, in Milan (climatic zone E), U-values
requirements are higher with respect to Bari (climatic
zone C), justifying the obtained results.
According to (European Commission, 2010), each
building, either new or existent, should be studied as a
complex system based on a whole building approach. In
particular, in order to obtain a highly efficient building
and thus to minimize its consumptions, acting solely on
envelope by increasing insulation levels is not always

profitable. On the contrary, it is fundamental to find the
best compromise between envelopes with good thermal
performances and efficient technological options,
appropriate for the single cases, in function of climatic
conditions. Figure 4 underlines this aspect, showing that
the best scenarios in terms of GHG emission reductions,
for both Milan and Bari, present both efficient
technological solutions and high insulation.
Finally, ZCB concept is strictly linked to the deployment
of renewable energy sources (RES). Simulation results
highlight how best performing scenarios are the ones
considering the installation of RES to partially match
hotel consumptions. Nevertheless, the unbalance between
RES production and hotel energy demands appears clear.
Constraints related to location and building typology (i.e.
presence of solar shadings, lack of sufficient space for
installation of RES, etc.) make it hard to achieve the zerocarbon targets for all buildings, and especially for existing
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ones, for which the installation of RES is often restricted
by technical feasibility and cost issues. Moreover, it has
to be considered that non-residential buildings consume
higher amounts of energy and resources. To graphically
represent these considerations, an indicator was defined
to better explain the distance of the simulated hotels to the
theoretical targets of null emissions; in particular, the
indicator is calculated as the missing surface of RES
technologies needed in order to annul the difference
between the hotels energy consumption and the relative
onsite RES production. Always based on zero-carbon
occupied building definition (case III), Figures 5-7 focus
on Milan hotels and on the sole electricity consumption of
the simulated hotels. Figure 5 shows the percentages of
missing PV surface needed in order to counterbalance PV
production and hotel electricity consumption,
highlighting the strong mismatch between onsite
generation and consumption.

To explore the effect of the choice of ZCB definition, the
analysis of the indicator was carried out also for the UK
definition of zero-carbon building (case I). Figure 7
reports the percentages of missing surfaces for case I,
showing that the addition of PV panels on the parking area
can help in reaching the carbon neutrality in some
simulated hotels. Particularly, it appears that the retrofit
scenarios with RES installations already in place and with
no electrical heating systems (M3_law, M4_law,
M5_law) are able to reach the carbon neutrality, on an
annual basis.

Figure 7: Percentages of missing PV surface, solutions
without and with parking area, case I, Milan hotels.

Conclusion

Figure 5: Percentages of missing PV surface, case III,
Milan hotels.
The analysis was further extended, assuming to have at
disposal a parking area close to the hotel, whose roof was
covered of PV panels. Figure 6 shows the reduction of the
percentages of missing PV surfaces, but still the gap
appears considerable. However, these considerations take
into account the Australian definition of zero-carbon
occupied building (case III), for which it is difficult to
reach the zero-carbon targets defined by UK legislation
(Figure 3).

Figure 6: Percentages of missing PV surface, solutions
without and with parking area, case III, Milan hotels.

Concentrating on the energy retrofit of a hotel building,
the paper consists in the energy-dynamic simulation of
different retrofit scenarios, at HVAC system or/and
envelope levels, in order to evaluate the possibility of
achieving the ambitious zero-carbon target for the
analysed building typology. The obtained results allowed
to conclude that the apparent difference between
residential and non-residential buildings, in terms of
offered services, and mainly of energy demands and
consumptions, does not permit to identify a single zerocarbon target, asking for more differentiated and accurate
definitions and norms, scaled for the different building
typologies and uses. The ZCB definitions used in this
research paper, resulting from a literature review on the
concept, limit their analysis at building scale; however, it
appears clear that, to reduce buildings carbon footprints,
it is crucial to consider its interaction with surrounding
environment (district or city scale). The obtained results,
indeed, highlighted the need to find a ZCB definition that
can fit better into the wide concept of Post-Carbon city. In
this sense, it is necessary to extend the study boundaries,
accepting that the buildings energy demand could be
matched not only using onsite, but also offsite RES
production. That seems to be the only way to extend the
ZCB definition to all building typologies, new and
existent, residential and non-residential, including those
with constraints for onsite RES installation.
This paper provides some interesting stimuli for future
works; in the view of Post-Carbon city, project processes
at building and district levels should be intimately linked.
Buildings should be figured not as single entities, but as
interconnected elements inserted into a larger-scale
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energy system, in which RES and storage systems are
installed so that to share and exchange energy, in function
of real demands. Future objectives at district or city level
foresee the creation of bi-directional smart grids and the
development of smart technologies and systems able to
increase demand flexibility, actually responding to the
need of distributed generation and local RES.
Furthermore, an increasingly number of cities are creating
thermal networks (i.e. district heating, low temperature
networks, etc.) with the aim of decentralizing energy
production, in order to reduce overall GHG emissions in
cities. Post-Carbon concept consists in a real re-think of
urban space and of its energy systems and it represents a
challenging project, representing a possible pathway
towards the needed energy transition and the ambitious
future targets of GHG emissions reduction.
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Abstract
Alongside the importance of increasing the building
energy performance, the indoor environmental quality
has to be considered as a part of the total building
performance. The research aims to reduce the imbalance
between the visual and thermal domains through the
optimization of different design parameters in
compliance with the nZEB requirements. Different
energy efficiency actions (different insulation materials,
glazing solutions and control strategies of the solar
shading devices) were applied on an existing office
building. The analysis shows the possibility to design the
refurbishment of an existing building into a nZEB while
ensuring visual and thermal comfort.

Introduction
The energy performance improvement of existing
buildings is promoted by Directive 2010/31/EU, which
enforces the Member States to draw up national plans for
increasing the refurbishment of existing buildings into
nearly zero-energy buildings (nZEBs) (European
Commission, 2010). Alongside the importance of
increasing the building energy performance, the indoor
environmental quality (IEQ) has to be considered as a
part of the total building performance, although ensuring
the compliance with comfort requirements within a
refurbishment scenario it is not a commonplace task.
Many studies demonstrated the negative effect of energy
efficiency measures on the visual comfort related to a
reduction of daylight availability; these actions mainly
concerned windows replacement, solar shading devices
installation, and the reduction of the window carcass due
to the thickening of the thermal insulation. Reinhart
(2002) and Mainini et al. (2015) investigated the
influence of glazing visible transmittance on the lighting
energy consumption in the envelope refurbishment of
office buildings, both showing an increase in primary
energy use for lighting. On the other hand, also dynamic
glazing and smart-windows may lead to an imbalance
between thermal and visual performance, as stated by
Dussault et al. (2017) and Ajajja and Andréa (2015).
David et al. (2011) highlighted the lack of a process to
design the shading devices that takes into account both
thermal and visual issues, and proposed simple indexes
to compare the thermal and visual efficacy of different
types of solar shadings. In the same way, different solar
shading configurations were tested by Hernandez et al.

(2017); a significant lowering in visual comfort, by
applying specific louvre angles in order to maximises the
cooling energy performance in an office building were
highlighted. Many studies focused on the effect of
different window-to-wall ratio (WWR) on both visual
and thermal performance, such as Pellegrino et al.
(2017) and Xue et al. (2019); they showed an increase of
the building overall energy demand by decreasing of
indoor daylight availability, or optimised the WWR and
the sunshades operation to meet the daylighting
standard.
The “Renovation of existing buildings in nZEB vision
(nearly Zero Energy Buildings)” Project of National
Interest (PRIN 2015), funded by the Italian Ministry of
Education, Universities and Research (MIUR), aims at
studying solutions for the transformation of existing
buildings into nZEBs, considering both technical and
economic implications. A specific line of research aims
at investigating the best trade-off between thermal and
visual parameters for the nZEB design.
Major building renovations, including retrofit actions
both on building envelope and on technical building
systems, have not been widely investigated yet. Thus, it
is of crucial importance to build-up an approach that
allows to evaluate the IEQ implication of major
refurbishment scenarios on the existing building stock,
considering different type of thermal and visual comfort
evaluations. Through this in-depth approach, the design
of nearly-zero energy buildings, regardless of whether
they are new or existing buildings undergoing
refurbishment, can address the optimization of the
overall building performance, identifying the best tradeoff between indoor environmental quality (IEQ) and the
compliance with the nZEB requirements.
The analysis presented in this article starts from the
findings of a previous work (Ballarini et al., 2019), in
which the impact on the visual and thermal comfort of
the energy refurbishment measures as to comply with the
nZEB requirements were assessed for an existing office
building. The results of the previous analysis on a
representative building storey showed a consistent
imbalance both between the thermal and visual comfort,
and between the thermal comfort related to two different
orientations. In fact, on one hand, the hyper insulated
envelope assures a high thermal comfort condition in the
North-oriented offices, while the un-efficient solar
shading devices operation deals to a lower thermal
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comfort level in the South-oriented offices, though
guaranteeing an overall acceptable thermal comfort
condition. On the other hand, the reduced glazed surface,
the low-transmittance glazing and the external
obstructions due to the consistent thickness of the
external insulation lead to not acceptable values as
regards the visual comfort indexes, both in the Northand South-oriented offices.
From these findings, different retrofit solutions on the
opaque and transparent envelope and optimised
operation of the solar shading devices are combined and
tested in the present work, as to identify the best
combination to enhance daylighting and visual comfort.
Each combination was evaluated in terms of thermal and
visual comfort indexes, energy performance and
compliance with the nearly zero-energy building
requirements.

Methodology
The methodology applied in the present work includes
thermal and visual comfort evaluations and energy
performance assessments. All the considered aspects
were evaluated through numerical simulations,
performed with the EnergyPlus and Diva4Rhino
dynamic simulation tools, for thermal and visual
performance respectively. The performance indexes
were calculated according to international technical
standards and international references, as described in
the following paragraphs.

Figure 1: Methodology flow-chart.
The procedure includes three main phases,
corresponding to as many theoretical shading control

rules, as shown in Figure 1. The first phase consists in a
preliminary simulation performed as to assess and to
apply a set of visual comfort-based rules to determine
the optimised visual comfort shading operation (s.o. in
Figure 1). In the second phase, a control loop is
implemented in EnergyPlus as to define the thermal
comfort-based shading operation. Finally, the third phase
is aimed at identifying a combined shading control
strategy for both visual and thermal comfort; for this
purpose, the shading control loop defined in the previous
phase is implemented with the visual comfort-based
shading operation. The proposed methodology is applied
to a set of combination of energy efficiency measures on
the opaque and transparent envelope. The results of each
phase are the definition of hourly shading operation
schedules, then implemented in the simulation software
for the visual and thermal comfort indexes calculation
(respectively VCI and TCI in Figure 1), and for the
energy performance assessment for space heating, space
cooling and lighting (respectively EPH, EPC and EPL in
Figure 1).
Thermal and visual comfort evaluation
The thermal comfort was evaluated as specified by the
EN 16798-1 technical standard (European Committee
for Standardization, 2019) and was referred to specific
periods belonging neither to the heating nor to the
cooling season. The thermal comfort during the heating
and cooling seasons was assumed to be achieved with
the mechanical heating and cooling systems. For mid
seasons, the so-called adaptive criteria were applied and
evaluated with respect to a medium comfort level
(category II). Following the adaptive criteria approach,
the hourly comfort operative temperature varies in
function of the running mean outdoor temperature,
which is defined as an exponentially weighted running
mean of the outdoor air temperature.
Thermal comfort was assessed by means of the weighted
hours of discomfort (WHD) index, which expresses the
time (in hours) during which the indoor operative
temperature exceeds a specific range during the
occupancy hours, weighted by a factor that is a function
of the temperature deviation out of the range. The
considered range is defined as a variation of the optimal
comfort operative temperature of +3 °C (highest limit)
and 4 °C (lowest limit). In the index determination,
cold discomfort (WHDc) and warm discomfort (WHDw)
were evaluated separately, according to the EN ISO
7730 technical standard specifications (European
Committee for Standardization, 2005). The WHD
indexes were calculated from hourly values of indoor
operative temperature derived from simulations carried
out through Energy Plus.
The analysed period for the thermal comfort indexes
assessment was defined in a previous work (Ballarini et
al., 2019) on the basis of an analysis of the number of
free-floating hours. Excluding the heating period fixed
by the Italian legislation (e.g. for the considered climatic
zone, from October 15th to April 15th), the thermal
comfort analysis were carried out in the period from
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April 16th to May 31st and from September 1st to October
14th.
The visual comfort analysis referred to daylighting has
been carried out taking into account two different
aspects: the daylight supply, which is both related to
visual performance and indicative of the energy
performance for lighting, and the daylight glare
probability (DGP). When daylighting is not sufficient, it
is assumed that the electric lighting system integrates or
replaces daylight in order to guarantee visual comfort
and target illuminance.
To estimate the indoor daylight availability the spatial
daylight autonomy (sDA) has been calculated. This
metric is based on the criteria that a space is considered
to have adequate daylight if a target illuminance is
achieved across a fraction of space for a fraction of time.
The metric, first adopted by the Illuminating
Engineering Society (IES) in the Report LM-83-12 (IES
Daylight Metrics Committee, 2012) has been recently
introduced in the European Standard EN 17037:2018 to
assess the Daylight Provision in interior spaces
(European Committee for Standardization, 2018). In this
study, the Daylight Provision was calculated following
the method provided by the EN 17037 standard. The
hourly illuminances calculated through the climate-based
simulation on the horizontal plane (h = 0,85 m) were
elaborated to determine the fraction of space that meets
the recommended target illuminance (500 lux) for at
least 50% of time (sDA500,50%). According to the standard
recommendations, the calculated fraction of space
should be at least 50%. To assess visual comfort in terms
of glare, the DGP has been calculated for a reference
observer’s position, assuming a viewing direction
towards the façade, with a viewing angle of 45° (see
Figure 2). The annual DGP profile has been elaborated
to obtain the fraction of time of the occupied hours for
which the DGP exceeded a defined threshold
(FDGP,exceeded). The threshold assumed is 40%, and to
achieve a medium glare protection, according to the
standard EN 17037, the maximum value of FDGP,exceeded
should be 5%.
Energy performance assessment
The building overall energy performance (EP) was
assessed according to the EN ISO 52000-1 technical
standard (European Committee for Standardization,
2017) and was expressed in terms of annual overall nonrenewable primary energy normalised by the conditioned
net floor area. The energy services considered in the EP
calculation include space heating, cooling and lighting.
The electricity production from photovoltaic system was
allocated to the different energy services proportionally
to the electricity demand of each service. The energy
performance was assessed through dynamic simulations
using the Energy Plus software, while the lighting
analysis was carried out with the DIVA4Rhino software.
The compliance with the nZEB requirements was
assessed for each combination of energy efficiency
measures by means of the reference building approach

as specified by the Italian legislation (Italian Republic,
2015).

Case study
Description of the building
The case study is an existing office building sited in
Torino (northern Italy), composed of seven above
ground North-South oriented stories. The presented
methodology was referred to a representative building
storey. In fact, the fifth storey above ground (Figure 2)
represents an average condition while concerning the
shadings provided by the external surrounding
obstructions; thus, the results of the comfort and energy
performance evaluations are not influenced by too
favourable
or
unfavourable
conditions.
The
representative building storey is composed of nine
South– and five North–oriented office modules,
separated by unoccupied areas. Each office module is
characterised by a net conditioned floor area of 17,3 m2,
an internal height of 2,7 m, and two windows. As
regards the solar shading devices, external blinds are
installed on the South–oriented windows, while the
North–oriented windows are not provided with any
shading system. The storey was divided into three
thermal zones (North–oriented offices, South–oriented
offices and unoccupied areas respectively); it was
assumed to be surrounded by identical storeys (for both
geometry and users’ behaviour), thus horizontal internal
partitions were modelled as adiabatic components.

N

South-oriented offices
North-oriented offices
Unoccupied spaces
Observer point for the
DGP calculation

Figure 2: Analysed building storey.
A standardised user behaviour, both regarding
occupancy, heat gains and natural ventilation, was
considered in each combination. The scheduled hourly
values were derived from the EN 16798-1 technical
standard. The storey was adopted to be served by a
heating, a cooling and a lighting system. An ideal HVAC
system, modelled as a Variable Air Volume terminal
unit, which varies the supply air flow rate in order to
satisfy the zone heating and cooling loads, was
considered to evaluate the heating and cooling energy
performance of the building storey. An air-to-water heat
pump was considered as the heating and cooling
generator. Reference mean seasonal generator efficiency
and utilization subsystems efficiency (u equal to 0,81,
referred to heat emission, control and distribution) were
used (Italian Republic, 2015). As regards the lighting
system, a daylight responsive control was considered for
the lighting energy performance assessment. The
parameters for the energy calculation regarding users’
behaviour and technical building systems are reported in
Table 1.
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Table 2: EEM – opaque envelope.

Table 1: Parameters used for energy simulations.
Parameter
Occupancy:
Schedule (EN 16798-1)
Occupancy density
Appliances:
Schedule (EN 16798-1)
Appliance loads
Natural ventilation:
Air changes (occupied hours)
Infiltration air changes
Heating system:
Availability
Daily operation
Operative temperature set-point
Mean seasonal generator efficiency
Cooling system:
Availability
Daily operation
Operative temperature set-point
Mean seasonal generator efficiency
Lighting system:
Lighting Power Density (LPD)
Photovoltaic system:
Peak power

Value
8 a.m.–5 p.m.
0,07 persons m-2
8 a.m.–5 p.m.
12 W m-2
0,85 h-1
0,2 h-1
October 15th – April 15th
8 a.m.–5 p.m.
20 °C
3,00
June 1st – August 31st
8 a.m.–5 p.m.
26 °C
2,50
7 W m-2
2,3 kW

Energy performance and daylighting evaluations were
carried out through annual climate-based simulation
using the International Weather for Energy Calculations
(IWEC) data file for the city of Torino.
Energy efficiency measures
The tested energy efficiency measures include three
solutions on the opaque envelope, two on the transparent
envelope and three regarding the shading solar systems.
In the present work, all the possible combination
between these energy efficiency measures were tested
(18 combinations).
Regarding the opaque envelope, three thermal insulation
solutions were tested; in particular, the first solution
(INS1), consisting of 14 cm of EPS external insulation,
is the energy efficiency solution selected within a
previous research (Corrado et al., 2017) to achieve both
the nZEB requirements fixed by Italian legislation
(Italian Republic, 2015) and the lowest global cost in 30
years building lifetime. The second solution (INS2)
consists of 3 cm of a high-performance insulation
material (VIPs – vacuum insulation panels) on the
external side of the wall, designed as to achieve the same
thermal transmittance as the first solution while
guaranteeing, at the same time, a less obstructed window
surface area. As regards the third solution (INS3), an ingap insulation made of 12 cm of EPS was designed to
take advantages of the existing un-insulated air gap. To
avoid thermal bridges, the thermal insulation was
designed also to cover the top and the lateral parts of the
external window carcass. Therefore, for each solution,
different window dimensions were considered to
evaluate the effective net glazed area and external
obstructions. The properties and characteristics of each
solution are reported in Table 2.

ID
INS1
INS2
INS3

Insulation
position and
Uop [W m-2K-1]
thickness
[cm]
External – 14
0,20
External – 3
0,20
In gap – 12
0,29

Wall
thickness
[cm]

Window
area
[m2]

60
49
44

1,5
1,6
1,8

Regarding the energy efficiency measures on the
transparent envelope, different solutions were considered
both for the windows and for the solar shading devices.
About the windows, a double low-e glazing was
combined with two frame solutions; WIN1 consists in an
8 cm of thickness PVC frame, while WIN2 is
characterised by a PVC frame of 5 cm. As regard the
solar shading devices, the same technology was
considered with three theoretical hourly-based shading
control strategies: an energy and thermal comfort-based
strategies (SHA1), a visual comfort-based rule (SHA2)
and a last control strategy which combines the visual and
thermal comfort rules (SHA3). The properties and
characteristics of the energy efficiency measures on the
transparent envelope are reported in Table 3.a and in
Table 3.b, while the three shading control strategies are
presented in Figure 3.
Table 3.a: EEM – transparent envelope.

ID

Glazing
type

WIN1
WIN2

Double
Double

Frame
material
and
dimension
[cm]
PVC – 8
PVC – 5

Uw
[W m-2K-1]

1,7

ggl
vis
(SHGC) [-]

0,67

0,8

Table 3.b: EEM – transparent envelope.
ID

Position

SHA1
SHA2
SHA3

External
External
External

Control
rule
Thermal
Visual
Combined

sol
[-]

ggl+sh
(SHGC)

vis
[-]

0,20

0,17

0,25

Shading device control strategies
Three shading device control strategies were considered
in the present study. The energy and thermal comfortbased control rule is aimed at enhancing thermal comfort
while improving the energy performance for heating and
cooling. For this purpose, an EnergyPlus energy
management system (EMS) program was designed as to
perform three season-based control rules. During the
heating season, as to maximise the solar heat gains, the
solar shadings are always switched off. For the mid
seasons, the control rule depends on the day of the week,
the occupancy (occ in Figure 3), the incident global solar
radiation on the South-oriented windows (Is,gl), but it is
strictly built upon the indoor operative temperature ( o)
and the optimal comfort operative temperature ( c).
Whenever the Is,gl exceeds the threshold value during the
occupancy hours of the weekdays, the solar shading
devices are switched on or off if the o oversteps the
upper or lower value of the comfort operative
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temperature dead band (defined as c±1) respectively.
On the other hand, the control rule for the weekends of
both the mid and the cooling season only depends on the
presence of solar radiation.

hours whenever the daylight glare probability (DGP)
exceeds the threshold value, equal to 40%. Finally, the
third rule combines the aforementioned rules by giving
priority to the visual comfort-based control strategy. In
fact, the thermal comfort-based control strategy unfolds
for each time step in which SHA2 switches off the
shading devices.

Results and discussions

FDGP,exceeded [%]

The effects of the tested combinations of energy
efficiency measures on the building envelope are
presented as follow. Regarding the thermal performance,
for each combination tested, cold thermal discomfort
never occurs; due to the high levels of thermal
insulation, the indoor operative temperature in the
analysed period never exceeds the lower limit of the
comfort temperature range. On the other hand, the
hyper-insulation of the external walls does not allow the
discharge of the accumulated heat, thus leading to an
increase of thermal discomfort linked to the high indoor
operative temperatures (WHDw), which mainly occur in
the second part of the free-floating period (from
September 1st to October 15th).
With regard to the visual comfort analysis, the Daylight
Provision ranges from 27% to 77% for the South-facing
offices and from 23% to 51% for the North-oriented
offices. On the other hand, the FDGP,exceeded is 0% for the
North side of the storey and ranges from 2,1% to 22,1%
for the South orientation. The recommended values of
sDA500,50% are respected for 11 configurations on 18: the
INS3 configurations for the North- and South-oriented
offices, the configurations with INS2-WIN2 and the
INS2-WIN1-SHA2 on the South side. On the other hand,
the FDGP,exceeded for South-oriented offices is never
respected for the INS3 configurations and for the
thermal comfort based shading.
Although the comfort analysis was performed separately
for the North- and the South-oriented offices, the
following analyses are focused on the South-oriented
offices, since they show more representative results.
24%
22%

ISO3 WIN2

20%
18%
16%

ISO3 WIN1

14%
ISO2 WIN2

12%

ISO2 WIN1

10%

ISO3 WIN2

8%
ISO1 WIN1

ISO3 WIN2
ISO3 WIN1

ISO3 WIN1

6%

ISO1 WIN2

4%
2%

Figure 3: Shading devices control strategies.
Moreover, the visual comfort-based algorithm for the
solar shading devices operation is aimed at improving
the visual comfort conditions by reducing the discomfort
glare occurrence. It works according to the Lightswitch
algorithm (Reinhart, 2004) and it was designed to switch
on the dynamic shading devices during the occupancy

ISO2 WIN2
ISO2 WIN2
ISO2 WIN1

ISO1 WIN1

ISO1 WIN1
ISO1 WIN2

0%
0
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100

ISO2 WIN1

ISO1 WIN2

150

200
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300

350

WHDw [°C h]
Thermal comfort-based shading schedule
Visual comfort-based shading schedule
Combined shading schedule

Figure 4: FDGP,exceeded and WHDw indexes for the tested
combination of EEMs – South-oriented offices.
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Figure 4 shows the correlation between the FDGP,exceeded
and the WHDw indexes of the tested combination for the
South-oriented offices. The graph highlights the strong
influence of the solar shading devices control strategies
on both the visual and the thermal performance. The
thermal-comfort based control strategy shows an inverse
relationship between the discomfort conditions and the
external walls thickness; in fact, by implementing the
solution characterised by the thinnest walls (INS3, ingap insulation), the less obstructed windows lead to
higher indoor operative temperatures (and thermal
discomfort values). Nevertheless, this shading control
strategy leads to the lowest discomfort values among all
the tested combinations (in a range from 12 to 35 °C h).
On the other hand, the worst results as regards the
FDGP,exceeded discomfort (22,1% for the INS3-WIN2SHA1 solution) take place by implementing the SHA1
control rule, since it is designed to switch off the shading
devices during the winter seasons, when glare
discomfort occurs more frequently (due to the height of
the sun). Moreover, the combined shading schedule
shows the same trend of the SHA1 operation, except for
the FDGP,exceeded values decrease. Moreover, it is of
crucial importance to highlight that the combined
shading operation leads to the same results as regard the
thermal comfort performance, due to the complementary
operation of the SHA1 and SHA2 schedules. In fact,
since the visual comfort-based schedules works mainly
in the winter season, it has no influence on the thermal
comfort condition, because the SHA1 enfolds in the
periods analysed in the thermal comfort assessment. On
the other hand, the visual comfort-based solar shading
operation shows a different trend mainly as regard the
thermal comfort conditions. The higher solar heat gains
(due to the inactivated shading devices in the mid- and
summer seasons) and the unfeasibility of the building
envelope to discharge the accumulated heat leads to an
increase of the operative temperatures, which exceeds
the comfort temperature range by a maximum value of 3
°C, and a consequent increase in the WHDw index.
Moreover, this data series presents two outliers, referred
to the INS3-solutions. In particular, the INS3-WIN2
combination presents thermal discomfort indexes lower
of around 51% than the INS1-solutions, contrary to what
occurs with the other shading operation.
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Figure 5: Annual shading activation schedule.

The design of the shading devices aimed at minimizing
the glare discomfort occurrence leads to a longer
activation period of the devices as the wall thickness is
reduced, as shown in Figure 5; thus, since the shading
devices for the INS3-WIN2 solution are switched on
during the second part of the free-floating period (red
dotted lines in Figure 5), they have much more influence
on the thermal behaviour of the building storey than the
other combinations, by decreasing the indoor operative
temperatures.
Moreover, the results also show a little effect of the
dimension of the window frames both on the visual and
thermal performance.
In Figure 6, the results of the visual and thermal comfort
analysis for each combination are shown for the Southoriented offices, as well as the overall energy
performance for the entire building storey, in terms of
overall non-renewable primary energy for the considered
services (i.e. space heating, space cooling and lighting).
A clear trend as regard the visual performance is shown
in the graphs; as the sDA500,50% increases from 37% to
65%, for the first (INS1-60 cm of wall thickness) to the
last combination (INS3-44 cm of wall thickness)
respectively, the electrical energy consumptions for
lighting decreases by a 47%. The counterpart of these
improvements is a worsening as regard the glare
conditions. Moreover, the greater negative influence of
the visual comfort-based shading operation on the
thermal performance with respect to the effect of the
thermal comfort-based one on the visual performance,
already highlighted in Figure 4, are also confirmed in
terms of EP values; in fact, an increase in both heating
and cooling energy consumption is underlined between
the same combination of opaque and transparent
solutions, implementing the two shading operation
schedules (38% and 52% for the heating and cooling
consumptions respectively, for the INS1-WIN1-SHA2
solution). Despite the increase in heating and cooling
consumption, the nZEB requirements are respected for
all the combinations, except the INS3–solutions which
show incompliances with the requirements for the
energy needs for space heating, due to higher thermal
transmittance values.
Among the tested combinations, an optimal solution that
ensures visual comfort and acceptable thermal comfort
levels can be identified. With a view to the visual
comfort, it is of crucial importance to consider not only
the occurrence of glare discomfort but also the daylight
availability. Optimal packages of energy efficiency
measures that guarantee acceptable visual comfort
conditions (sDA500,50%≥50% and FDGP,exceeded≤5%, in red
filled in Figure 6) can be identified. Since the reference
technical standards for the thermal comfort evaluations
(EN 16798-1) do not require any acceptable value as
regard the WHD indexes, it was assumed that the
optimal combination is the one presenting the WHD
values closest to zero; thus, the best combination that
optimises both domains is the one that minimise the
thermal discomfort indexes among the acceptable
solutions as regard the visual comfort. This is
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characterised by the VIP-insulation, 5 cm thick frame
and the combined shading operation. Figure 7 shows and
compares the overall performances of the optimal
solution together with the two solutions that optimise the
thermal and the visual domains respectively. The
thermal-optimal solution is characterised by the EPS
external insulation, the 8 cm thick frame and the
thermal-based shading operation, while the visualoptimal one implements the VIP-insulation, 5 cm thick

frame and the visual-based shading operation. The radar
charts are composed of 5 axes, each one designed so that
the external value represents the favourable situation,
while the central point the worst one. Each axis shows a
different parameter (EPgl,nren, WHDc and WHDw for the
thermal comfort performance, and sDA500,50% and
FDGP,exceeded for the visual comfort performance), and the
axes extremes represents the limit conditions for each
simulated parameter.
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Figure 6: Results of the energy performance, visual and thermal comfort analysis.
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Figure 7: Comparison between the optimal combinations.
Among the three analysed combinations, the thermal
off between the indoor environmental quality and the
comfort optimal one shows the worst visual comfort
compliance with the nZEB requirements.
conditions as regard both the daylight availability and
Different energy efficiency solutions were tested for a
the glare discomfort; in the same way, the visual comfort
representative storey of an existing office building;
optimal combination leads to very high values of WHDw
visual and thermal comfort and energy performance
and overall EP values due to an increase of the heating
were evaluated. The main results highlight the strong
and cooling energy consumptions. Nevertheless, the
influence of the solar shading devices operation on the
optimal solution, in addition to optimizing both the
visual and thermal performance. An imbalance between
thermal and visual performance, represents also one of
the two domains is once again highlighted when
the best solutions in improving the building energy
considering retrofit actions on the building envelope.
performance.
Thus, other parameters affecting the thermal
performance should be considered in a holistic building
Conclusion
optimization for enhancing the best visual and thermal
The research presents an approach aimed at optimizing
comfort condition.
the overall building performance and identifying a trade-
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Nevertheless, the best solution in guaranteeing thermal,
visual and energy performance resulting from this study
is however characterised by not negligible costs, which
may lead to an incompliance with the cost-effectiveness
requirements. Downstream of a cost-optimal analysis
other options could emerge, maybe in spite of a slight
worsening of some of the considered comfort
parameters.
Future works will be focused in analysing the effect of
the proposed energy refurbishment measures on the
thermal and visual performance for other building
typologies and climates.
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Abstract
Solar Decathlon competitions are a unique opportunity to
advance in research and applications in the field of NZEB
design. The design of a prototype in this context can be
seen as a complex optimization problem, where the
objective function is the final contest score to be
maximized. This paper presents the application of an
original simulation-based optimization approach to
support the entire process from design to construction to
operation of a real NZEB prototype for Solar Decathlon
China 2018. It relies on the synergic use of TRNSYS®,
GenOpt® and Matlab®. The method resulted to be
effective, leading the team to win the competition.

Introduction
In the context of the worldwide efforts to reduce energy
consumptions and carbon dioxide (CO2) emissions related
to the building sector, the concept of nearly zero energy
building (NZEB) has emerged as the main driver towards
these objectives. It has been proved that reaching the
NZEB target is technically feasible (Ferrara, 2016).
However, special attention has to be paid to the transition
from building design to building operation, as the
designed performance does not always correspond to the
actual performance after construction, therefore leading to
the so-called “performance gap” (Wilde, 2014).
Among the successful experiences of design and
construction of NZEBs, the Solar Decathlon competition
is a unique opportunity to advance in research in the field
of NZEB design. In fact, the integrated process from
design to construction that is carried out for the
competition purposes, the advanced required monitoring
systems, the large amount of collected data and the highly
interdisciplinary team working together from design to
construction constitutes a fertile base for research that is
hard to find in other contexts.
Since the first edition, which took place in Washington
D.C. in 2002, the main purpose of Solar Decathlon is to
put together teams of students with architectural and
engineering backgrounds to give life to a real residential
NZEB prototype. The contest is based on ten subcontests, where the teams need to achieve the highest
possible score to win the competition. The total score is
1000 points, divided into 100 points for each sub-contest.
Five of them investigates the project, the documentation,
and the systems (Architecture, Market Appeal,

Engineering, Communication, Innovation - subjected to a
jury review), while the other five focus on measured
parameters, related to the comfort of occupants, the
efficiency of the systems, and the energy production
(Comfort Zone, Appliances, Home Life, Commuting,
Energy). So, the NZEB is judged on a complex system of
parameters characterizing its performance and its
liveability.
In this context, the design of the NZEB prototype can be
seen as a complex optimization problem, where the
objective function is the final contest score to be
maximized. There are a lot of involved parameters, each
one may impact at the same time energy consumption and
production, comfort, operation time.
A traditional parametric design approach may lead to
spend and waste a lot of time on useless design variables
(Ferrara, 2014). If other important design variables are not
considered, it could lead even to a wrong solution. It is
recognized that simulation-based methods are powerful
tools for effectively solving this kind of complex
problems while saving time (Nguyen, 2014). In fact, they
help reduce the high computational cost needed to check
a great number of design alternatives while ensuring a
considerable accuracy in finding the optimal design
solution.
In building science, such simulation-based optimization
methods have been applied to many different problems,
like energy consumption reduction (Li, 2017), efficiency
of systems (Wu, 2018), indoor comfort, and mostly on the
costs with a life cycle perspective (Ferrara, 2018).
Moreover, some studies are performed at the design stage,
while others focus on the operation stage. It is hard to find
examples of real NZEB buildings that are optimized using
a simulation-based optimization method that considers
parameters related to design and operation at the same
time. It is even harder to find studies when the method is
tested and validated in practice.
In 2018, the Solar Decathlon China was won by a team
composed of students from Politecnico di Torino and the
South China University of Technology (SCUT-POLITO
team), thanks to the application of simulation-based
optimization methods to maximise the contest score.
Objectives of the work
Based on the Solar Decathlon context, this work aims at
combining design and operation parameters to optimize a
real residential NZEB prototype and to validate results
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throughout the entire process from design to construction
to operation.
To reach this main goal, the proposed approach is based
on different steps:
• Creation of a BEM (Building Energy Model) for the
NZEB prototype;
• Implementation of the Contest Schedules;
• Definition of the objective function based on the
Solar Decathlon competition rules;
• Set up a simulation-based optimization framework
able to optimize the performance of a NZEB
building (coupling of TRNSYS, MATLAB,
GenOpt);
• Design variation on the base of the results.

The LONGPLAN prototype
The NZEB prototype, whose name is LONG PLAN
(Fig.1), is based on the concept of the narrow house to
face the problem of high-density city urbanization and
land consumption. It has two floors, the net floor area is
about 143 m2, it has a modular steel structure with 12 prefabricated modules.

Figure 1: Picture of the LONG PLAN house

Figure 2: Plans of the LONG PLAN house
As it can be seen from the plans in Figure 2, the building
is a two-storey house that can be divided into three main
volumes, also called “belts”:
• Implemented Wall: The west-side external wall
containing all the distribution pipes for hot water,

coolant, DHW and all the electrical and electronic
connection, designed to limit the use of space and to
make the maintenance easier;
• Service Belt: A narrow “slice” of the house, composed
of all the services and systems. It includes the stairs,
the 3 bathrooms, the mechanical room, the aquaponic
system and the kitchen appliances;
• Living Belt: This section is composed by the 4
conditioned zones: living room, kitchen and the two
bedrooms. There is also one corridor for each floor
and a central patio having an automated roof windows,
designed to improve passive strategies such as the
chimney effect.
Transparent envelope (Uw ranging from 0.8 W/m2K to
1.2 W/m2K) is only on north and south facades (shortest
sides), plus two skylights near the staircase, because the
longest walls are supposed to be adjacent to the other
houses. The opaque envelope is composed of OSB
(Oriented Strain Board) panels, VIP (Vacuum Insulated
Panels), phenolic insulation, water barrier, vapor barrier
(roof and walls: U=0.095 W/m2K; ground slab: U=0.129
W/m2K). The east and west facades are heavily insulated
to simulate the adjacent house and avoid extra-gains, and
a ventilated façade is added to limit solar gains.
In the city of Dezhou, Shandong, China, thermal loads
were estimated to be 16 kW for cooling and 9 kW for
heating. To cover these loads, the HVAC system (Fig. 3)
of the prototype was developed focusing on the
modularity and feasibility of the project. All the
technologies applied for the systems are market-available.
The cooling system is composed of a Variable Refrigerant
Volume (VRV-Daikin®) Heat Pump connected with four
internal units with enhanced dehumidification capability.
The heating system is composed of a 4-loop capillary
heating system that is fed by the same external heat pump
through a high efficiency heat exchanger. The four loops
are independent, the mats are pre-casted inside the
concrete of the floor in the main conditioned rooms.
There is a recycling system for the grey water and
condensate from the HVAC system, which saves around
half of a typical water consumption, and uses the purified
water to different purposes: plants feeding, toilet flush,
sprinkler system, rain garden.
The ventilation system was designed to reduce the CO2
and PM2.5 (fine particulate matter) concentration in the
indoor air. An Energy Recovery Ventilator was designed
to provide a fresh air flow of 350 m3/h. The outdoor air is
firstly filtered in a coarse filter and then in a finer one,
obtaining a filtering efficiency to the PM2.5 >99%. The
air then passes through a counter flow heat exchanger in
which it exchanges sensible energy with the exhaust air to
reduce the conditioning load on the inside. The primary
air is supplied directly to the living belt, in the 4
conditioned rooms, while the extraction is located in the
corridor of the first floor and next to the top of the
aquaponic system on the second floor (this position was
chosen to highly reduce the amount of humidity near the
green-wall). The flow path is ensured by the normal air
leakage of the internal doors without increasing the
pressure drops considerably.
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On the roof, 11 kWp of high-efficiency PV panels are
installed on a steel structure. There are also 6 m2 of solar
thermal panels to produce domestic hot water, combined
to an electrical resistance to increase availability and
temperature control.

Figure 3: 3-D Schematic of the prototype HVAC system

objective criteria related to zone variables that can be
monitored, simulated and therefore optimized to
maximize their contribution to the final score are listed
below.
Temperature – 40 points
- Full points in the range 22-25 °C
- Linearly reduced point between 22-19 °C and 2528 °C
- Zero points in all other cases.
•

Relative Humidity – 20 points;
- Full points in the range 0-60 %
- Linearly reduced point between 60-70 %
- Zero points in all other cases.

•

CO2 – 20 points;
- Full points in the range 0-1000 ppm
- Linearly reduced point between 1000-2000 ppm
- Zero points in all other cases.

•

PM2.5 – 20 points;
- Full points in the range 0-35 µg/m3
- Linearly reduced point between 35-75 µg/m3
- Zero points in all other cases.

•

Energy balance – 80 points;
Based of the difference between PV production and
energy consumption during the contest.
- Full points for positive production (> 0 kWh)
- Linearly reduced point between 0 and -50 kWh
- Zero points in all other cases.

Methods
As mentioned, the proposed automated optimization
framework is based on the coupling between a simulation
program and an optimization engine; the problem,
therefore, is solved through iterative methods guided by
optimization algorithms.
As shown in Figure 4, this study relies on the use of
TRNSYS, supported by CONTAM, to set up the building
model and perform detailed energy simulations.
MATLAB is used to manage simulation outputs and
calculate the cost function, while GenOpt is used to set up
optimization variables and drive the optimization process.

Figure 4: Optimization framework and used tools
Optimization objective
As a first step to set up the optimization framework, the
optimization objective has to be translated into a cost
function that is computed by the involved tools. As
mentioned, the objective is to maximize the contest score.
For this purpose, only the sub-contests related to
measured variables were considered as the others were
judged according to non-objective criteria. The set of

The above-listed criteria are related to a maximum of 180
points out of 1000. Such points may be decisive for final
ranking, considering that usually the Solar Decathlon
teams compete for the first positions with tiny differences
of points.
The cost function was implemented in MATLAB and
linked to the input variables simulated in the TRNSYS
model, considering the complex schedules of the contest.
As mentioned, the contest period lasted for two weeks,
each day having different tasks with different schedules
(tasks include domestic energy-consuming activities like
doing the laundry, preparing meals, or inviting friends for
a party). Points are calculated, day by day, assigning a part
of the total score, using the mean value of the measured
parameters among specified intervals of time. The energy
balance and the related points are calculated at the end of
the period.
The energy model
As mentioned, the building energy model to simulate the
building performance in meeting the contest objectives
was created in TRNSYS. Its structure in the Simulation
Studio interface is reported in Figure 5.
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Figure 5: TRNSYS model in Simulation Studio.
The core Type for the simulation is the Type-56; it allows
a detailed description of the envelope and of the different
zones, simulated through a nodal configuration. The
zoning considered 16 zones, of which 4 (the ones in bold
in Table 1) are directly conditioned. This allows direct
control of the conditioned spaces even if they are part of
a bigger open space (Raftery et al., 2011): having smaller
thermal zones implies a higher control on the ventilation
flow path and higher precision on the temperature and
humidity values in that particular part of the prototype.
These characteristics are fundamental to maximize the
model accuracy and reliability.
Table 1: Thermal zones in the model (ref Fig.2)
Code
F1
F2
F3
F4
F5
F6
F7
F8
S1
S2
S3
S4
S5
S6
X1
X2

Room/Zone
Hallway
Greenhouse
Living Room
Corridor
D.R.+Kitchen
Bathroom 1
Aquaponics
Mechanical Room
Bedroom 1
Bedroom 2
Bathroom 2
Staircase
Bathroom 3
Leisure Room
Patio
Cabinet

Vol [m3]
20.7
9.6
39.7
20.3
49.4
6.9
13.4
10.6
49.3
44.3
12.0
81.1
12.0
14.6
61.6
3.0

The building was then connected to different macros, each
including several types simulating a system component or
loop, like PV panel for the production, the ERV, the
shadings, the infiltrations in the monitored zones, the
contest schedules. The simulation components for VRV
system were created ad hoc, based on the partial load
datasheets provided by the manufacturer and on some
user-defined equations calculating the actual power
delivered and the energy consumption. A sub-routine
from the CONTAM software was used to calculate and
implement the airflows between the zones of the house.
The radiant heating floor was not simulated because the
contest is supposed to take place in summer, when there
are no heating loads . The domestic hot water loop was
also excluded from simulation, because it is not optimized

in the study. Moreover, the consumption of the other tasks
and appliances were calculated in the model based on the
contest rules. The pollutants levels (CO2 and PM2.5) were
calculated through a user-defined analytical approach,
using a build-up/decay model, checked by some
measurement on the field during the test phases.
The adopted simulation time-step is 1 minute, for a more
accurate evaluation of the system operation. The
simulation was run in the range 5112-5472 hours of the
year, corresponding to the contest planned period. The
weather file selected for the simulation was the TMY file
referring to Raoyan, a city close to the contest location.
Before running the optimization, the described building
model was calibrated (by means of optimization-based
calibration carried out in a parallel study on this project)
using the measured data collected on-site during the
construction phase, including the location climate scenari
(Ferrara, 2017a).
Optimization variables
Once the optimization objective and the energy model
were defined, the design variables impacting the created
cost function were identified. Twenty-four variables were
selected, some related to the building envelope and others
related to the system design and operation, as reported in
Table 2.
Table 2: Description of selected optimization variables.
Parameters
Setpoint Temperature
ERV turn on time day 1
ERV turn on time day 2
ERV turn off time day 1
ERV turn off time day 2
Array Slope
Shading North
Shading South
Shading Horizontal
Shading Time ON North
Shading Time ON South
Shading Time ON Horizontal
Shading Time OFF North
Shading Time OFF South
Shading Time OFF Horizontal
OSB thickness, North wall
OSB thickness, South wall
OSB thickness, Roof
OSB thickness, Other surfaces
Phenolic Insulation thickness, North
Phenolic Insulation thickness, South
Phenolic Insulation thickness, Roof
Phenolic Insulation thickness, Other
Phenolic Insulation thickness,Int. Walls

Name
T_VRV
ERV_on1
ERV_on2
ERV_off1
ERV_off2
PV_angle
Sh_N
Sh_S
Sh_H
Sh_N_on
Sh_S_on
Sh_H_on
Sh_N_off
Sh_S_off
Sh_H_off
OSB_N
OSB_S
OSB_Roof
OSB
INS_N
INS_S
INS_H
INS
INS_int

The set of optimization variables represents the set of
design variables that could be controlled by the simulation
model and could be checked and optimized during the
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construction and the pre-contest test phases. Their
selection was performed according to real feasibility
criteria, but it has to be noted that other measures related
to other design variables could potentially lead to better
performance in terms of energy saving and improved
comfort.
The selected design-related variables refer to the tilt angle
of the PV panel and the thickness of the massive and light
layers of envelope (OSB and phenolic insulation). Some
of them are set for different orientations, to evaluate their
influence on the performance and thus on the contest
score. The operation-related variables refer to the cooling
setpoint, the ERV operation schedules, the shading
fraction and the related time schedules.
The range of variation and the step length of the selected
set of optimization variables is reported in Table 3. They
were set as discrete variables in order to reflect their
variation possibilities in the reality. This was done
according to market availability criteria for design-related
variables (e.g. the available OSB panles are 12 mm thick),
while operation-related variables were set according to
feasibility and easiness-of-use criteria (e.g. a fraction of
0.62 for the shading devices is not smart because not
practically useful).
This lead to define a search space composed of 3.85•1016
possible combinations of design-operation options.
Table3: Settings of optimization variables.
Name
T_VRV
ERV_on1
ERV_on2
ERV_off1
ERV_off2
PV_angle
Sh_N
Sh_S
Sh_H
Sh_N_on
Sh_S_on
Sh_H_on
Sh_N_off
Sh_S_off
Sh_H_off
OSB_N
OSB_S
OSB_Roof
OSB
INS_N
INS_S
INS_H
INS
INS_int

Unit
°C
hour
hour
hour
hour
°
Fraction
Fraction
Fraction
hour
hour
hour
hour
hour
hour
mm
mm
mm
mm
mm
mm
mm
mm
mm

Min
20
16
19.5
19.5
22
0
0
0
0
7
7
7
17
17
17
0.012
0.012
0.012
0.012
0.10
0.10
0.10
0.10
0.10

Max
25
18
21.5
21.5
24
25
1
1
1
12
12
12
22
22
22
0.036
0.036
0.036
0.036
0.24
0.24
0.24
0.24
0.24

Step length
1
0.5
0.5
0.5
0.5
5
0.5
0.5
0.5
1
1
1
1
1
1
0.012
0.012
0.012
0.012
0.02
0.02
0.02
0.02
0.02

Optimization settings and runs
As described, the optimization problem in this study is
characterized by discrete variables. A meta-heuristic
method was selected, belonging to the stochastic
population-based family algorithms: The Particle Swarm
Optimization (PSO) (Kennedy, 1995). This was selected
because it does not depend on the nature of the objective
function, it limits the risk of getting stuck in local optima
and it leads to a great number of cost function evaluations,
for a deep exploration of the search space (Machairas,
2014).
In this study, the binary PSO implementation of the
generic optimization program GenOpt® (Wetter (2011))
was used, because of its ability in dealing with discrete
variables.
Since the algorithm is already coded in the GenOpt
scripts, it only needed to be properly set and coupled to
the simulation software to the perform the optimization.
The GenOpt configuration file, containing indication
about the simulation program to call, was created, as well
as the command file, where the optimization variables
were defined and the and algorithm settings are reported.
The coupling between TRNSYS and GenOpt was
finalized by editing the TRNSYS input files. The editing
entails creating two template files where GenOpt is able
to write different values of optimization parameters
driven by the algorithm, thus creating different simulation
input files at each iteration.
A MATLAB script was also created, which is called at
each iteration to evaluate the cost function based on
values provided by a TRNSYS output file and to report to
GenOpt the objective function value. The script handles
the simulation outputs in relation to the points gained for
the contest purpose.
The time required for one iteration (corresponding to one
simulation run) is around two minutes, in a computer
equipped with a processor Intel Core I7-6700HQ (2.6
GHz) and 8 GB RAM. The time for the optimization,
obviously, grows as the number of generations and
particles grows. Therefore, in order to limit the
computation time, it is very important to determine how
many iterations are required to reach the optimum, that is
the maximization of the cost function, and how much it
varies according to the number of iterations and the other
algorithm settings.
Therefore, several optimization runs were performed to
check the efficiency of the algorithm and the effectiveness
of the tool and adjust their settings. In particular,
according to the approach followed by Ferrara (2017b),
different numbers of iterations were tested, varying the
number of particles, the number of generations, and also
different combinations of the PSO algorithm social and
cognitive accelerations. It has to be noted that, because
the global optimum is known (it corresponds to the 180
points for the contest score), this constitutes also a test for
the ability of PSO algorithm in dealing with building
optimization problems .
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Results and Discussion
The diagrams in Figures 6 and 7 reports the obtained
contest points (out of 180) in the different optimization
runs. In particular, Figure 6 reports the starting point
(initial design and operation settings) and the percentage
improvement of the score after optimization runs, which
ranges between 7% and 9%.
The starting score with the project data is 162.42789.
Each optimization shows an improvement of the solution,
the maximum is around the value of 176.5 points. The
highest score achieved is equal to 176.93825. Because a
lot of combinations of design variables leading to better
scores were found, a higher number of particles could be
beneficial for a better exploration of the space of
solutions.
OPTIMIZATION RESULTS
178

176.938

176

Contest Points

174
172
170
168
166
164

162.428

162
160

0

2

4
6
8
Percentage improvement
Start

10

Optimizations

Figure 6: Contest score reached after optimization.
Therefore, the last optimization were performed with a
growing number of iterations, increasing the number of
particles up to 60, and the number of generations up to 30,
allowing 1920 iterations. As shown in Figure 7, the last
generations are catching more effective scores, near the
maximum of 180.

Optimization results above 176 points
177.000

Score

176.800
176.600
176.400
176.200
176.000
175.800

0

500

1000

Iteration

1500

Figure 7: Iterations above 176 points.

2000

The resulting optimal set of values to be assigned to the
optimization variables are reported in Table 4. They were
defined based on the most frequent values obtained in the
neighborhood of the optimum (the set of solutions
obtaining score above 176 points).
Table 4: Initial and optimal values of optimization
variables.
Name
T_VRV
ERV_on1
ERV_on2
ERV_off1
ERV_off2
PV_angle
Sh_N
Sh_S
Sh_H
Sh_N_on
Sh_S_on
Sh_H_on
Sh_N_off
Sh_S_off
Sh_H_off
OSB_N
OSB_S
OSB_Roof
OSB
INS_N
INS_S
INS_H
INS
INS_int

Unit
°C
hour
hour
hour
hour
°
Fraction
Fraction
Fraction
hour
hour
hour
hour
hour
hour
mm
mm
mm
mm
mm
mm
mm
mm
mm

Initial value
24
17:00
20:30
20:30
23:00
2
0
0
0
11:00
11:00
11:00
19:00
19:00
19:00
0.012
0.012
0.012
0.012
0.20
0.20
0.20
0.20
0.20

Optimal value
21
16:30
19:30
19:30
22:00
25
0
0.5
0.5
12:00
12:00
7:00
20:00
19:00
22:00
0.036
0.036
0.036
0.024
0.12
0.12
0.14
0.10
0.18

As shown in Table 4, the optimization led to modify
almost all the involved design and operation variables.
Such modifications can be summarized and discussed as
follows:
• In order to ensure high air quality score, ERV should
be turned on earlier than expected. However, to limit
energy consumptions while maintanining high scores
in other categories, the operation time range should
be reduced by anticipating the turning off hour;
• The temperature setpoint of the VRV should be set to
21°C, because the solar radiation and the heat stored
during the day contribute to the fast rise of internal
temperature;
• PV panels’ tilt angle should be higher to increase the
theoretical production of the given PV area.
However, tilted panels requires a certain space
between them to avoid mutual shadings, which could
reduce the available roof area;
• The shadings on the north façade are not important,
while the others (south and horizontal), must be used
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at half of their capability for a larger time range than
expected;
• A higher mass should be put in the opaque envelope,
as expressed through higher OSB thickness in all
related variables, while insulation should be reduced.
It has to be noted that, despite the initial purposes, there
was no time to implement the resulting optimal design of
the opaque envelope, due to delays in the construction
phase. However, this is not so problematic in the north
and south façades, because of the little areas of the opaque
walls and the limited impact of such measures in the final
results. This becomes important for controlling the solar
radiation on the opaque roof, which is connected to the
optimization outcomes related to shadings. With this in
mind, the resulting optimal strategies related to shadings
were carefully implemented, with the model providing an
objective feedback for the last-minute decisions during
the contest.
Another critical aspect, that is worth to be discussed, is
related to the weather data. The typical meteorological
year that was used for initial simulations at the design
phase resulted to be distant from the real weather
conditions during the contest season. In fact, the real
weather was hotter, more humid, and the sky was more
covered (2 raining days) than simulated and therefore the
power needed for the cooling was higher, with higher
consumption too, and the electricity production less than
expected.
The monitored weather data implemented in the final
simulations with the calibrated model, as well as the
safety range considered for the sizing and the
performance assessment of the cooling system, resulted to
be good strategies to keep the model close to the reality,
thus confirming the strength of the optimization.
For the next construction of the house, the entire set of
parameters values can be updated to improve the envelope
behavior, achieving the top-performing prototype.

Conclusion
This work presents an effective transition from theoretical
simulation to reality and back. The implemented
simulation-based optimization methodology resulted to
be effective in supporting the design, construction and
management of a prototype house for the Solar Decathlon
China 2018 competition.
The achieved time saving with respect to the manual
comparison of different combination of variables is
important, considering that the number of analysed design
and operation alternatives is huge.
Most of the resulting optimal design parameters, were
implemented in the construction of the house, while
others were used to drive the prototype monitoring and
management. In this way, it was possible to have the best
overall analysis, both for the design and management
phases, and win the competition.
The optimization work led to improve the contest score
by more than 15 points with respect to the estimated score

pre-optimization. This adds even more value to the work
itself, in a context where a single point can change the
outcome of the competition and the competition was won
with a deviation less than 12 points with respect to the
second team.
As a general conclusion, it has emerged that the accuracy
of the model has a great influence on the results and
therefore on the effectiveness of the approach. In
particular, the parallel model calibration is fundamental to
reach high performance levels. Also, a tailored sensitivity
analysis can help refine the variables mesh of variation
and prioritize the correct implementation of the resulting
optimal strategies if external constraints (e.g. time,
budget, ..) occur and will be investigated in future work.
The presented method can be applied to other prototypes,
to building fine-testing, to support commissioning. It can
be further applied for other competitions or for supporting
the transition to market of the Solar Decathlon prototypes.
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Abstract
A convenience store is a common building type in Wales,
which has potential to achieve carbon emissions reduction
through practical retrofit strategies. However, there is a
lack of studies conducted to address the low carbon
retrofit for these convenience stores.
Easy access into a convenience store is essential, however
an open entrance will allow uncontrolled external air
entering the internal space. During heating seasons, this
results in difficult to heat spaces due to cold external air
freely penetrating and leaving the heating premises. A
significant amount of energy is wasted to heat up a large
volume of cold air that enters through an open entrance
and escapes from it soon after. In addition, the penetrating
external air can cause cold draft and lead to discomfort for
the space users, including store staff and customers.
This paper presents a modelling-led approach to
investigate the energy and thermal performance of two
practical strategies to reduce heat losses through an open
entrance in a typical convenience store in Wales. The two
strategies explored are the installation of an air curtain
over an open entrance and the replacement of an open
entrance with an automatic door.
Integrated building and air flow simulations which link air
infiltration and ventilation estimation with building
energy and thermal simulation will be applied to examine
the energy and thermal implication of the two strategies.
HTB2 which is a dynamic building energy and thermal
package, and Winair which is an air flow package; will be
used in this study.
This research will identify the energy and thermal
implications of installation of an air curtain and an
automatic door in the typical convenience store. Monthly
and annual energy consumption, and room temperature
for three cases will be predicted by a series of integrated
building and air flow simulations. The benefits that an air
curtain and an automatic door can provide will be
evaluated and compared, in relation to energy
consumption, as well as the improvement of the thermal
environment. In addition, the associated capital and
operational cost of the two approaches will be discussed.

Introduction
The global construction industry is in a transition period
of reducing energy consumption and carbon emissions.
Energy management has become a top priority in the
success and sustainability of all types of buildings. More
and more convenience stores across UK high streets start
committing to energy efficiency and reducing operational
costs. The main energy reduction strategies focus on
refrigeration and lighting systems. However, few
strategies address the reduction of heat losses through a
frequently used main entrance in the UK during winter
time. There are two common methods to reduce heat loss
through opening doors (Figure 1).

Figure 1: Illustration of air curtain (left) and automatic
swing door (right).
Using an air curtain can create a controlled stream of air
and direct it across the full width and height of an opening
to create an energy saving air seal. This seal separates
different environments, allowing a smooth, unhindered
flow of traffic and unobstructed vision through the
opening. An air curtain is not intended to replace a
physical door but to serve as an energy savings device by
creating an invisible barrier when the physical door is
open since an air curtain can help to contain heated or airconditioned air, provide sizeable energy savings and
personal comfort in both industrial and commercial
settings. On the other hand, an automatic door can reduce
the amount of air infiltration and improve energy
efficiency by only staying open when a customer entering
or leaving the store.
Few independent references can be found specifically
looking at the application of an air curtain or an automatic
door in relation to their energy savings. Air curtains can
save up to 30% on running costs, according to findings
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from the Carbon Trust and Bristol University, and a recent
study by the Carbon Trust for ECA purposes showed that
up to half of the 1.3 million commercial buildings in the
UK could benefit from this technology. When specified
correctly, air curtains can offer a short payback time as
low as five months (Dimplex, 2013). Berner International
Corporation (Berner International Corporation, 2008)
suggested that energy saved by using air curtains can
range from 1%-10%, depending on climate, building size
and traffic volume with a generally payback period for the
equipment and installation within 1-3 years. A case study
of a McDonald's store in Milton Keynes with an air
curtain showed a saving of 59kWh per day in energy
consumed compared to a store in Stoke without an air
curtain – equating to a direct saving in energy of £6.20 per
day (Mitsubishi Electric, 2015). A study conducted by
Wang (Wang, 2013) showed that whole building annual
energy use can be reduced when an air curtain is installed
in all the climate zones in the US. The major saving of the
air curtain door mainly comes from the heating saving,
and better performance will be achieved for colder
climate. In relation to draft lobbies, a good practice guide
suggested draft lobbies or recessed entrances should be
used to avoid excessive heat loss at door way without any
further indication on how much energy could be saved
(BRECSU and ETSU, 1996).
Therefore, this paper aims to investigate energy and
thermal implications of installation of an air curtain and
an automatic door in convenience stores in the UK, using
a modelling-led approach.

Research methodology
Integrated building and air flow simulation
This study applies an integrated building and airflow
simulation which link air infiltration and ventilation
estimation with building thermal simulation. When these
two models are conflated, the potential of analysis of
ventilation, infiltration, gradients of comfort conditions,
as well as dispersion of pollutants is contemplated
(Negrao, 1995). In this study, a building energy
simulation model is established to predict the energy
consumption with the air change rate input from an
airflow simulation. In addition, the airflow simulation
predicts indoor comfort as well.
HTB2, a dynamic building energy model developed at the
Welsh School of Architecture (Cardiff University), is
used in this study. Based on weather data, building
construction and layout details, shading masks, building
services, and occupation profiles for people, equipment
and lighting, it can simulate hourly internal thermal
conditions (air temperatures and surface temperatures), as
well as annual energy consumption. It has undergone
extensive testing, validation, including the IEA Annex 1
(Faber, 1980) IEA task 12 (Lomas, 1994), the IEA
BESTEST (Neymark et al., 2011).

Winair, a CFD model developed as a research tool at the
Welsh School of Architecture (Cardiff University), is
applied to be integrate with HTB2 in this study. It is an
iterated process. Winair predicts air change rates through
the opening door with the application of an air curtain and
an automatic door with the calculated thermal condition
from HTB2. These predicted air change rates are input
into HTB2 building energy simulation to calculate
associated indoor thermal condition. This indoor thermal
condition is then used by Winair to predict related air
change rate. The iteration goes on until the predicted air
change rates and the internal thermal conditions are
matched.
Research steps
This study is conducted in three steps: 1) select a typical
design of convenience store, located in the UK; 2) conduct
a detailed survey of the shop to develop modelling
frameworks for current practice, as well as for the
alternatives with installation of an air curtain and an
automatic door to reduce heat loss through entrance
opening, including parameters for internal gains, building
fabric, and HVAC systems; 3) conduct integrated
building and air flow simulations for (i) current practice,
(ii) with an air curtain, and (iii) with an automatic door.
The simulation results of monthly and annual energy
consumption are compared and discussed.

Building simulation
A typical convenience store
Deri post office located in Mid Glamorgan, a typical
convenience store in the UK, was chosen for this study
(Figure 2). It occupies the ground floor of a terrace house,
with a total area of 56.3m2, and a floor to ceiling height of
2.3m. The first floor is the living space for the shop owner.
This study focused on the store entrance on the ground
floor.

Figure 2: Typical convenience store floor plan.
Simulation frameworks
A detailed survey was conducted for Deri post office. In
addition, carbon dioxide concentration decay tests were
carried out to determine the air change rates when the
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entrance door open and closed. The reason carbon dioxide
was chosen as the tracer gas is its low risk and cost. Table
1 shows the simulation framework for the current
practice.
Table 1: Simulation framework for the current practice.
Fabric efficiency U-value (W/m2/K)
External wall
1.56 (cavity wall without
insulation)_
Ceiling
0.95
Ground floor
0.35
2.8 (double glazing with PVC
Glazing
frame), G=64%
Internal gains (W/m2)
Lighting

21.5W/m2

Plug load

39.3W/m2

Occupancy gain

2 people

1) The base case which is the current practice:
entrance door opens during the working hours.
2) The case with a surface mounted over door air
curtain installed in the internal side of the
entrance: the air curtain is switched on when
entrance door is open, with air flow rate at
1250m3/h at 25 degrees input (Figure 3). The
simulated air curtain was modelled as being
fitted properly with the air stream could reach the
floor and no gaps at either side of the door which
allow draughts to enter.
3) The case with an automatic door designed at the
entrance: the door only opens when a customer
is entering or leaving the store (Figure 4).

Monday-Friday: 07:00 to 19:00
Operation time

Saturday: 08:00 to 19:00
Sunday: 08:00 to 13:00

Figure 3: Details of the air curtain.

Air change rate (ac/h)
Doors open

3.6ac/h

Doors closed

0.3ac/h
40 times/ hour during operational
time (20 people entering and
leaving the store)

Door open times

The store opens 46 hours a week
and 50 weeks
The air curtain is operating for 15s
per opening time, while the
automatic door opens for 15s (5s
opening time, 5s stay open and 5s
closing time)

Figure 4: Details of the automatic door.

Results and discussion

Systems
AC

COP=2
Climate condition

Weather data

Cardiff typical year

Wind condition

Windless

Notes:
The designed room temperature used in the simulation
is 19-21 ºC (winter) to 21-25ºC (summer) (CIBSE,
2016 #55).
The real condition is an AC unit is used for 4hrs per
day from December to April when air temperature is
lower than 13ºC; and for 3hrs per day, 15 days in
summer. In addition, a 5kW Resistive heater is used
5hrs per day during winter time.
Simulation cases
Three cases were explored:

Figure 5: Comparison of temperatures in three cases.
The simulation results (Figure 5) suggest that the average
air temperature, for the base case, in the main occupied
area is 18.0 degree, which match with the monitored data.
When external air temperature is 11.0 degree, the internal
air temperature is 17.9 degrees in the survey.
With an air curtain, the simulation results suggest that, the
temperature distribution inside the store is uniform in both
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horizontal and vertical dimensions. The average air
temperature can reach 24 degrees.

Cross section

The power consumption of an air curtain is 9kW which
include the fun power at 0.5kW. The annual energy
consumption is 1800kWh.
With an automatic door, the simulation results suggest
that, the temperature distribution inside the store is more
uniform than the base case where the main entrance is
open. The average air temperature can reach 22 degrees.
A typical single swing door operator cost is £1850. The
power consumption is 50W. The annual energy
consumption of the automatic door is 20kWh.
The base case
Figure 6 shows the air temperature and air speed at
counter height in the store plan. Figure 7 and 8 show the
air temperature and air movement distribution in both
sections.
The air temperature distribution is not uniform. The air
temperature at the entrance at the lower level remains as
low as external air temperature at 11 degrees. The air
temperature in the space away from the entrance can reach
19 degrees.

Figure 7: Base case_ air temperature and air speed
distribution in the cross section.

During the windless case, the warmer air from inside of
the store escapes from the top half of the opening
entrance, while the negative pressure drives external cold
air entering the store through the bottom half of the main
door. The canal effect makes the air speed accelerate and
reach the maximum air speed at 0.47m/s at the ground
level.

Figure 8: Base case_ air temperature and air speed
distribution in the section cross the entrance.
The air curtain case
Figure 9 shows the air temperature and air speed at
counter height in the store plan. Figure 10 and 11 show
the air temperature and air movement distribution in both
sections.

Figure 6: Base case_ air temperature and air speed at
counter height.
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Figure 9: Air curtain case _ air temperature and air
speed at counter height.

Cross section

Figure 11: Air curtain case_ air temperature and air
speed distribution in the section cross the entrance.
The automatic door case
Figure 12 shows the air temperature and air speed at
counter height in the store plan. Figure 13 and 14 show
the air temperature and air movement distribution in both
short and long sections.
Cold external air can still penetrate into the internal space
during the door opening time. But the shorter opening
time allows cold air to be warmed up around the entrance
and reduces the amount of warm air escaping from the
internal space.

Figure 10: Air curtain case_ air temperature and air
speed distribution in the cross section.
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Figure 12: Automatic door case _air temperature and
air speed at counter height.

Cross section

entrance in Wales, through the site survey and monitoring
work.
In addition, this study explored two potential approaches
to address this particular issue to cut down associated
heating bills and improve indoor comfort for a
convenience store.
The heating load for the base case is 48W/m2/year. Both
an air curtain and an automatic door can significantly
reduce the heating load, to 11W/m2/year and
19W/m2/year respectively. However, the energy demand
of an air curtain can reach 1800kWh/year, while the total
energy to run an automatic door is only 20kWh/year.
Regarding the indoor comfort, both methods can deliver
higher indoor air temperatures and less cold draft. An air
curtain eliminates all the cold air from entering the store,
while an automatic door significantly reduces the amount
of cold air entering the indoor space. In comparison, the
air curtain can lead to a 2-degree increase in internal air
temperature.
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Abstract
With the implementation of the EU Energy Performance
of Buildings Directive from January 1, 2019 on, the
difference in national definitions of nZEB becomes
evident. Due to different metrics, system boundaries and
limits, it is hard to compare ambition levels of the new
requirements of an nZEB in the different EU Member
States. The assessment is even more complicated due to
different national calculation methods and boundary
conditions. In this paper a methodology is presented,
which allows a relative comparison of ambition levels by
the use of building simulation and a common reference
building. The methodology is tested with different simulation programs in the countries Austria, Germany and
Switzerland. Results confirm that the use of different
standard simulation tools requires previous calibration of
the reference building. Remaining limitations of the comparison for the case of different climate zones are
addressed by defining a passive house in local climate as
reference building with high ambition level, but this issue
is also subject to further investigations.

Introduction
By January 1, 2019 all new public buildings in the EU
have to comply with the nearly Zero Energy Building
(nZEB) requirement according to the recast of the EU-Directive on the Energy Performance of Buildings (EPBD
recast, 2010). Two years later by 2021, this requirement
is extended to all new buildings. In the EPBD, though,
only an outline of what is understood by an nZEB is given,
and the elaboration of the detailed definition and requirements of nZEB has been mandated to the EU Member
States (MS). Despite different harmonisation initiatives,
e.g. the collaboration of the Federation of European
Heating, Ventilation and Air Conditioning Associations
REHVA and the European standardisation organisation
CEN to elaborate a common nZEB definition (Kurnitski
et al. 2013) and a set of accompanying standards including the overarching standard EN ISO 52000-1 (2017),
resulting nZEB definitions in the EU MS vary in metrics,
system boundaries and limits. An overview of the
different definitions is compiled in BPIE (2015), JRC
(2016) and IPEEC (2018). This situation impedes a comparison of ambition levels, which are linked to the respective definition. A comparison gets even more complex
due to the fact, that national boundary conditions and
calculation methods are used to prove compliance with
the national requirements, and climate data of the

different sites across Europe also require different qualities of the building envelope and different efficiencies of
the building technology to reach the same level of energy
performance. In Ahmed et al. (2018), by the evaluation of
an office building in the four European countries Estonia,
Finland, France and Belgium it is concluded, that national
boundary conditions have even a larger impact on energy
performance than the change between Nordic and central
European climate. Moreover, a higher primary energy
requirement in the nZEB definition does not necessarily
mean a higher energy performance due to the different
boundary conditions and calculation methods.
The intension of the EPBD recast is to set higher objectives for building energy efficiency in order to decrease
energy use in buildings and promote renewable production on the building site and nearby. However, by the
different definitions and calculation methods, it is hard to
judge the ambition level across the EU-MS. The ambition
level denotes, how ambitious the national requirements
are. This can be shown either relative to each other (by
normalizing the boundary conditions such as the climate
and internal gains, etc.) or with respect to a certain energy
standard such as Passive House (PH) or net zero energy
building (NZEB, see e.g. IEA SHC T52/EBC A40). In
most countries, the NZEB balance refers to primary
energy, but in this paper, absolute electrical energy input
and the space heating demand are evaluated in order to
avoid distortion by different national primary energy
factors. For political legislation, a methodology to assess
and compare the ambition level across EU-MS would be
a means to promote better energy efficiency and higher
shares of renewable energies in the EU building sector
and can also serve to develop favourable system technology solution sets to comply with higher performance
requirements. This would also facilitate the planning
process and building technology manufactures could
develop adequate system packages.
Annex 49 in the Heat Pumping Technologies (HPT)
Technology Collaboration Program (TCP) of the International Energy Agency (IEA) entitled “Design and integration of heat pumps in nZEB” is dedicated to optimise
heat pump application in nZEB. The eight countries AT,
BE, CH, DE, NO, SE, UK and the USA are collaborating
on improved heat pumps in nZEB, which is also accompanied by monitoring projects in order to characterise the
compliance with the nZEB balance in practical operation,
evaluate the measured performance and identify
optimisation potentials of integrated heat pumps in nZEB.
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Method
Based on the state-of-the-art analysis in Annex 49 a
methodology is under development to assess and compare
the ambition level in the participating countries.
Reference building
The methodology is based on building simulations with
the different simulation programs Matlab-Simulink
(2017), (two different model implementations) and
TRNSYS 17 (2017). As reference building the so-called
reference framework, which was introduced in Task 32 in
the IEA Solar Heating and Cooling (SHC) program and
further elaborated in the joint IEA SHC Task 44/HPP
Annex 38 is used, since building parameters are well
described in Dott et. al. (2013) and thereby offer a good
basis for the modelling in the different simulation
programs. The building itself is a single-family building
depicted in Figure 1. For the application as nZEB reference building, the smaller, south-oriented roof area is
additionally equipped with solar PV and different changes
of the parameters of the building envelope and system
technology parameters have been made. The building is
further designed as “all electric building” and equipped
with an air-to-water heat pump for space heating and
DHW operation. Thus, electricity is the only delivered
energy used for the building operation.

Figure 1: Reference framework building.
External dimensions are used for the calculation of the
areas, which have been chosen to include thermal bridges.
Therefore, with different insulation levels, the outside
areas change. Since reference areas differ among member
states, absolute values are used in this paper. In the
framework document the reference building is evaluated
in different climates and for different building envelope
qualities. As basis for this methodology the Strasbourg
weather with the highest envelope quality SFH15 has
been chosen, which corresponds to a single family house
with a heating demand in the range of 15 kWh/(m2a).
Criteria
The methodology itself consists of different steps, which
are summarised in Table 1. During the steps different
criteria of the building are varied. In the table changes
from step to step are marked in bold and same parameters
among the cases are colour coded in grey scales. Steps for
the comparison of results are highlighted with the same
colour in the column of the step number. In the following
the different criteria contained in Table 1 are explained
with the options denoted in brackets and separated by a
slash.

 Tool (national/simulation) refers to the calculation
method, where national refers to the national calculation tool for the approval of nZEB rating. As alternative, simulation programs are used in this investigation.
 Climate (framework/national [reference/site]) refers to
the weather data as reference weather of Strasbourg of
the framework or national weather. In some standards,
national weather is distinguished in a reference site of
the country and the weather of the actual building site.
 Boundary conditions (BC) (framework/national) denote the values of the domestic hot water (DHW) tapping profile, the internal gains distinguished in persons
and gains of equipment/illumination as well as the set
point of the indoor temperature. They can be set to
framework and national.
 Envelope (framework/national reference/national) denotes the building envelope type. It can be set to the
original framework envelope or it is adapted to the
national requirement. In some countries, a national
reference building is defined and requirements are set
relative to the reference building. Thus, values correspond to framework, national reference or national for
the building, which exactly meets the country’s nZEB
requirements.
 HVAC (framework/national) denotes the installed
building system technology of the different systems
like the ventilation (e.g. heat recovery rate/control/
volume flow), shading, heat pump, heat emission,
heating and DHW control, auxiliary energy, storage
etc. If there are prescription in the building regulation
for the system technology these national requirements
for the building system should be adapted for the
national nZEB.
 Renewables (PV/solar thermal) denotes installed renewable energies, in particular solar PV. But also solar
thermal or other renewables are an option.
Steps of the methodology – Step 1: Calibration case
Since different simulation programs have been applied,
the first step denoted as “calibration case” consists of the
modelling of the framework building in the different
programs and compare simulation results for the common
Strasbourg weather data. Comparison of simulated results
is performed by monthly energy balances for the single
energies of transmission and ventilation losses, solar and
internal gains and the resulting heating demands.
Furthermore, the monthly averaged operative temperature
and regarding the system technology, the seasonal
performance factor (SPF) of the heat pump in space
heating and DHW operation and the yield of renewables
are compared. Results were stepwise improved until
presently good agreement is reached.
Steps of the methodology – Step 2: Climate case
Step 2 denoted as “climate case” does only consist of a
simulation of the calibration case with change of the
weather data to reference weather data of the respective
country in order to evaluate the impact of climate data.
Since currently only heating dominated climates of
Austria, Germany and Switzerland are involved, differences are not so big.
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Table 1: Steps of the methodology to compare ambition levels
(italic, if a reference building is required in national building regulations).
Step

Tool

Climate

BC

Envelope

HVAC

Renewables

Remark

1

Simulation

Framework

Framework

Framework

Framework

Calibration case

2

Simulation

Framework

Framework

Framework

Framework

Climate case

3

National

National

National nZEB

5

Simulation

National

National

National
reference

Nat. reference
building

6

Simulation

National

National nZEB

7

Simulation

National

Comparison
to No.2 / No. 11

8

Simulation

National

Comparison to No.1

9

PHPP

-

PHPP PH

10

Simulation

National
reference
National
nZEB
National
reference
National
nZEB
National
nZEB
National
nZEB
Ideal heating
20 °C
Ideal op.
temp.20 °C

Nat. reference
building

National

National
reference
National
nZEB
National
reference
National
nZEB
National
nZEB
National
nZEB

National
reference

4

Strasbourg
National/
Site
National/
Site
National/
Site

-

PHPP PH

11

Simulation

Framework

Framework

National PH
Comp. to No.7

National/

Site
National/

Site
Strasbourg

National/
Site
National/
Site
National/
Site

National
National

National
Framework
Framework
Framework

PH envelope

Framework

PH envelope

Framework

PH envelope

Legend: Framework – Reference framework based on Dott et al. (2013), national - based on national nZEB rating procedure
(tool), national reference – based on a national reference building defined by some national building regulations for nZEB rating,
national nZEB – framework building with modified parameters that fulfill the national minimum requirements for nZEB rating
tool: national calculation tool used for nZEB rating on the national level, simulation – simulation program used for the evaluation
of energy consumption and performance. PHPP – passive house projecting package, PH – passive house.

Steps of the methodology – Step 3-8: National case
Step 3-8 are denoted as national case and consist of
transforming the reference framework building to national boundary conditions (BC) which exactly fulfil the
nZEB requirements in the country and back to common
boundary conditions and climate data of the reference
building.
Thus, in step 3/4 the reference framework is modelled in
the national calculation tool, often Excel based, which is
used to prove compliance with the national nZEB requirements. Thereby, all boundary conditions have to be
set to national values, i.e. tapping demands and internal
loads, since the national nZEB requirements are defined
by national calculation methods and values. In the national calculation tool, parameters of the framework building are modified until the building exactly meets the
limit to comply with the national nZEB requirements.
Depending on the national calculation, this may also
include HVAC in terms of heat pump performance,
control settings, ventilation or different shading levels.
Step 3 is relevant for countries, which use a national
reference building in order to define the national requirements like in the German EnEV 2016/KfW55 and the
Austrian OIB directive 6. For instance, the average heat
transfer HT of the reference building in the German EnEV
is maximum 0.4 W/(m2K) for a detached dwelling with
AN < 350 m2, so the building to be certified shall meet
this values or fall below it.

In step 5/6 the building, HVAC and renewable parameters are transferred from the national tool to the simulation program, in case of a national reference building,
both for the reference building (Step 5) and the national
nZEB (Step 6). By the simulation tool, the calculation
method is normalised from different national calculation
approaches to a common calculation based on the simulation model. Remaining differences between the results of
the national calculation tool and the simulation shall be
documented, but no detailed calibration is done for the
simulation model, since the more detailed simulation necessarily delivers different results. As further normalisation, in step 7/8 boundary conditions are changed back to
the framework. This is done for the internal loads, tapping demands and indoor temperature set points. For the
weather data, evaluations may be performed both in national weather conditions (Step 7) and for the common
Strasbourg weather of the framework (Step 8). Then, the
simulation is performed and the data are compared to the
results of the calibration or climate case, respectively,
which thereby serves as reference for the comparison of
the ambition levels. In order to avoid distortion of
different primary energy factors and different national
energy reference area definitions, the absolute electric
energy input for the HVAC in terms of space heating,
DHW production and ventilation is compared, since
cooling/air-conditioning is not needed in the climate
zone. This is valid for all-electric buildings. In future
work, additional energy carriers will be considered, too.
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Steps of the methodology – Step 9-11: Passive house
As variant, also the reference building of an ultra-low
energy house in terms of the internationally widespread
passive house label is investigated.
The approval of the passive house compliance is done by
the planning tool Passive House Projecting Package
(PHPP), www.passiv.de. Thus, the implementation of the
passive house starts with the adaption of building parameters in order to comply with requirements in the PHPP.
Since a passive house is mainly defined by the heating
demand of 15 kWh/(m2a), the building envelope parameters are adapted. Boundary conditions in term of internal loads are taken from the reference framework (step
9), but the PHPP calculates the heat load for ideal heating
to 20 °C. In step 10 and step 11, the transfer to the
simulation programs is performed like in step 7/8. For the
passive house, only the national weather has been
considered, i.e. the passive house serves as a local
reference with high ambition level. Thereby, in order to
compare the simulation, the indoor temperature is
controlled to 20 °C operative temperature in step 10,
while in step 11, the HVAC and boundary conditions of
the framework are applied.
The evaluation of the ambition level is made on the
national level in terms of the difference to the high
ambition level of the passive house as common baseline.
The relative difference among the countries to the local
passive house serves as indicator for the ranking of
national ambition levels.

Results
The results are illustrated for the calibration case (step 1)
in order to conclude on different applied simulation
programs and the national case representing the national
nZEB implementation. The climate case (step 2) yields
an evaluation of climate impact among the sites.
Results of the calibration case
As first step, the methodology includes a calibration of
the different simulation programs used in the investigation. This is motivated by the differences due to the use
of different simulation programs. Figure 2 shows the
comparison of heating demand for the reference framework building after different improvement steps.

Figure 2: Comparison of space heating demand
for the calibration case (step 1).

Remaining annual differences between TRNSYS and the
two implementations in MATLAB-Simulink with the
Carnot Toolbox 6.1 (2017) and the CarnotUIBK Toolbox
(2019) are at maximum 10% in December and are due to
different modelling approaches in the different programs.
Figure 3 shows the monthly average operative temperature as indicator for the thermal indoor environment.

Figure 3: Monthly averaged operative temperature.
In the space heating operation of the winter months the
temperatures are very close for all programs, i.e. in the
winter month Nov. – Feb., all operative temperatures are
in the range of 20.1 – 20.8 °C. The maximum deviation
in the single month in the range of 0.16 K to 0.25 K from
the average, so the space heating operation yields
basically the same room temperatures.
Figure 4 depicts the delivered energy in terms of absolute
electric energy for the whole building technology also
including DHW and ventilation. Difference among the
programs are even smaller due to the seasonal performance factor of the heat pump, so for the following
comparisons of national nZEB implementation, a good
starting point is assured by the calibration case both for
the system boundary of used space heating energy and
delivered electrical energy.

Figure 4: Comparison of electrical energies for the
calibration case (step 1).
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Results of the climate case
As step 2, the methodology contains a change to national
weather data in order to characterise changes in the
building energy demand dependent on the climate. All
other building parameters are kept. Here, the three sites
Innsbruck, AT, Potsdam, DE and Zurich, CH are considered based on the following national calculation
procedure performed in step 3-8.

Figure 5: Comparison of space heating demand
for the climate case.
The comparison depicted in Figure 5 shows, that the
Innsbruck and Potsdam weather cause similar annual
shift in space heating demand, with a higher space
heating demand in February and March at Potsdam,
while the Zurich weather is less severe in wintertime and
thus the space heating demand is lower. Despite the
differences, the basic climate is similar among the
different sites, thus building layout will not vary much
based on the climate and a shift to the common framework climate is feasible.
National case with reference framework baseline
In step 3–8 denoted as national case, the results comprise
the comparison of the nZEB in the single countries based
on the reference framework building in Strasbourg, i.e.
step 1 (framework) and step 8 (national nZEB) are
compared. Therefore, after modifying the building and
HVAC parameters to meet the national requirements of
the rating procedure (step 3 – 6), the framework boundary
conditions (step 7) and the weather data of Strasbourg
(step 8) are applied to the national nZEB. Figure 6 depicts
the heating demand for this case for Germany, Austria
and Switzerland. The energy is given in absolute values
in [kWh] in order to prevent distortion by different
national reference area definitions. The comparison is
based on the respective national building regulations for
the implementation of nZEB, in Austria the OIB directive
6 and in Switzerland the MuKEn 2014. For Germany, the
more ambitious KfW 55 compared to EnEV 2016 has
been used. As stated above requirements set by the
national building directives are different and calculation
methods and boundary conditions also differ. For
instance, as mentioned above, Germany and Austria use
a reference building, while in Switzerland, limits for the
building envelope and the weighted delivered energy
depending on the building usage are set.

Figure 6: Comparison of heating demand in Strasbourg
(step 1 compared to step 8).
The comparison of space heating demands in Figure 6
characterising the building envelope shows that the Swiss
nZEB requirement is the strictest, while the German and
Austrian requirements are less ambitious. However, the
nZEB concept is related to the balance of building envelope and the HVAC system, so also the delivered energy
for the HVAC functions is compared in Figure 7, which
is mainly affected by the heat pump operation.

Figure 7: Comparison of absolute electrical energy
demand in Strasbourg (step 1 compared to step 8).
Table 2 shows the differences of used energy for space
heating among the countries and as percentaged deviation from the reference framework.

________________________________________________________________________________________________
5064
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
Table 2: Comparison of heating demand.
Energy [kWh]
 to RF [%]

RF

AT

CH

DE

3128

5792

3551

4828

0

+46

+14

+35

Legend: RF- reference framework

Annual differences among the national nZEB buildings
and the reference framework are also shown in Table 3.
In this case the comparison in terms of used energy and
delivered energy yields the same order, although it can be
seen by the ratio between used energy and delivered
energy, that in Germany a focus is set on the overall energy balance instead of the building envelope, since the
higher ratio indicates that higher used energy demand is
compensated by more efficient HVAC technology. In
Austria, in contrary, the ratio is lower, i.e. the focus is
more on the building envelope and the HVAC performance is lower. Switzerland is in-between these two.
Table 3: Comparison of absolute delivered energy.
Energy [kWh]
 to RF [%]
Ratio HD to DE

RF

AT

CH

DE

2258

3658

2652

3242

0

+55

+16

+42

1.46

1.65

1.8

This is motivated by a comparison between different
climate zones, so for this comparison a high performance
building with high ambition level at local climate
conditions is chosen as reference. Here, the internationally widespread Passive House standard is taken as
reference building and national weather data is used. The
criteria evaluated is again the used energy to cover the
space heating demand and delivered electrical energy for
HVAC operation of the national nZEB compared to the
local Passive House (step 11 and step 7). Results are
shown in Figure 8 for the heating demand and in Figure
9 for the delivered energy.

Legend: HD - heating demand, DE - delivered energy

For the complete picture, though, also the renewable
energy generation on-site would have to be taken into
account, e.g. in terms of PV production. In fact, the Swiss
building regulation contains a requirement for a PV
installation rate depending on the reference area of the
building. However, these aspects have not been considered in this paper and are a topic for further evaluation.
National case with passive house reference baseline
As described in steps 9-11 also a comparison to a passive
house in local climate has been evaluated.

Figure 9: Comparison of electrical energy for baseline
passive house (step 11 and step 7).
For Switzerland the national nZEB is compared with the
Swiss Passive House at the site Zurich (weather data set
Zurich Meteoschweiz), for Germany the KfW55 requirement is compared with the Passive House at the site of
Potsdam and for Austria, the national nZEB according to
OIB directive 6 (2015) and the Passive House at the site
of Innsbruck are considered.
Table 4: Comparison of absolute delivered energy
between national nZEB and passive house
(Step 7 compared to Step 11).
AT

CH

DE

Energy nZEB [kWh]

4573

2766

3647

Energy PH

2171

1953

2116

 to PH [%]

+111

+29

+42

1.5

1.6

1.9

Ratio HD to DE

Legend: PH – passive house, HD - heating demand, DE delivered energy.

Figure 8: Comparison of space heating demand for
baseline passive house (step 11 and step 7).

Absolute electrical energy values for space heating and
DHW and the differences to the passive house electrical
energy are given in Table 4.
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As expected by the former case, the relative ranking is
the same as for the framework baseline. However, by the
different climate data, the absolute numbers shift compared to the common climate for all three buildings and
due to the high energy performance or ambition level of
the passive house, respectively, differences to the passive
house in the local climate become more pronounced and
obvious. In addition, in this case, for a complete assessment, the renewable on-site production would have to be
taken into account, which is also linked to local climate
conditions at the site and may differ even in the same
climate zone, but more district among climate zones. This
is an objective for future evaluations.

Discussion
The methodology presented allows a relative comparison
of the different ambition levels of the countries regarding
the national implementation of the EPBD based on a
reference building. Thereby, an indication is given, in
how far the implementation of the EPBD recast will
contribute to an increase of the energy performance in the
new built sector. The comparison is useful for policy
makers in order to evaluate the degree of implementation
of the EPBD requirements and to set out stricter targets
for the future implementations of the EPBD. Moreover,
less ambitious countries can be approached in order to
demonstrate the gap among countries and encourage
them regarding the transition to a higher ambition level.
Besides the different definition of nZEB among the EU
member states, the ambition level of the national nZEB
are also affected by the national calculation method, the
calculation tool itself, the boundary conditions and the
climate. In the methodology, the different steps aim to
normalise these impacts by a common reference. For the
evaluation based on the reference framework building at
Strasbourg weather, boundary conditions are set equal
and calculation methods and tools are calibrated to minimise differences.
Thus, the only remaining impact is the national building
envelope, HVAC and renewables derived by the respective nZEB requirements in the countries. However, a
limitation of the methodology occurs, if different climate
zones are considered. For instance, a building in a cooling
dominated climate, e.g. in Rome is not optimised for the
space heating operation, since the needs are rather low
compared to central European climate, and if transferred
to a colder climate, the performance characterisation will
be limited by that. Moreover, the national requirements
may have been particularly adapted to the local climate
conditions. Therefore, a second evaluation has been considered using local climate data, which are calibrated by
a local reference.
In this case, a passive house has been chosen as internationally widespread building standard. Again, boundary conditions are equalised by common ones. Thereby,
the evaluation in different climate zones is possible, but
there is still a remaining climate impacts due to the use
of the local climate.
In Ahmed et al. (2018), an approach for a climate correction based on a change to economic insulation levels

linked to a correction with heating degree-days is considered for an office building with high glazing fraction.
This approach shall be investigated also for residential
buildings, which may have higher heating demand than
the office building.
Experiences from the calibration case shows that the use
of different simulation programs complicate the comparison. Even with a detailed description of the reference
framework building, which is a rather simple building,
and different steps of calibrations, remaining deviation
among the TRNSYS and Matlab-Simulink Carnot
variants range up to 10% in single month. Thus, a calibration is an absolute necessity before a comparison can be
made when applying different simulation programs.

Conclusions

By January 1, 2019, the definite implementation of the
EPBD recast of 2010 has started in the European Member
States due to the requirement that all new public
buildings have to comply with the nZEB requirement. As
already could be concluded before the deadline resulting
nZEB definitions in the EU MS strongly vary in criteria,
metrics, system boundaries and limits. However, both for
policy makers and for the building and system technology industry it would be useful to compare ambition
levels in the different countries to motivate less ambitious
countries to catch-up with more ambitious countries and
to develop high performance standardized system
technology for respective ambition level by the internationally operating system manufacturers, which are
acting in the different national markets.
In this paper a methodology to compare the ambition
level based on building and system simulations is
presented, which allows the assessment of a relative
order of ambition levels in the different countries based
on a reference building in a reference climate. The
method has been applied for the countries Austria,
Germany and Switzerland.
By the application of the methodology, it is confirmed
that due to the different introduced nZEB definitions a
comparison of the ambition levels is a complex procedure. Besides the varying definitions, the comparison is
further hindered by the different calculation methods and
boundary conditions to prove compliance with the nZEB
requirement.
Last but not least, also the different simulation programs
used for the comparison impede an easy comparison.
Even for a well-documented building and standard simulation tools different calibration steps have been included
and even remaining deviation of the heating demand are
in the range up to 10% in single month. Thus, there is a
necessity for a calibration step when using different
programs.
Since no explicit climate correction is applied, but the
different national boundary conditions are equalised by a
reference building with reference boundary conditions at
a reference site, it is hard to compare different climate
zones. A solution could be a local reference building in
the national reference climate and an internationally
introduced reference ambition level like a Passive House,
which has reached a wide international acceptance and is
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widely spread across European countries and worldwide.
The ambition level would then be evaluated as relative
difference to the passive house at the same national site.
The methodology presented is still work in progress and
further developments of the method by future evaluation
is planned. On the one hand, evaluations in this publication focuses on the building envelope, while nZEB include also the energy generation aspect, mostly in terms
of solar PV production. In this sense, also different load
characteristic and different building types should be
investigated, e.g. a multi-family-building and the renewable energy production on-site is another evaluation
criterion not considered in this paper. Moreover, further
evaluations regarding climate corrections, e.g. based on
HDD as applied in Ahmed et al. (2018) is planned for the
future. Moreover, a broader comparison of more countries could give a deeper understanding of the EPBD
implementation across European member states. Regarding simulation tools, also further comparisons with
IDA-ICE (2019) are planned.

Acknowledgements
The effort and feedback of the participants of IEA HPT
Annex 49 during the development of the methodology is
highly acknowledged.
Gratitude and acknowledgment is also expressed for the
support and funding of the Swiss Federal Office of
Energy of the IEA HPT Annex 49 international research
collaboration.

References
Ahmed, K.; Carlier, M.; Feldmann, C.; Kurnitski, J.
(2018). A New Method for Contrasting Energy
Performance and Near-Zero Energy Building Requirements in Different Climates and Countries.
Energies, 11 (6), 1-22.
BPIE (2015). Nearly Zero Energy Building definitions
Across Europe, Factsheet. Brussels.
Conference of cantonal energy directors (2015). Model
ordinance of the cantons in the field of energy
(MuKEn), edition 2014, 9. Jan. 2015, Berne.
Dott, R., Haller, M. Y., Ruschenburg, J., Ochs, F., Bony,
J. (2013). The Reference Framework for System –
Simulations of the IEA SHC Task 44 / HPP Annex 38
– Part B: Buildings and Space Heat Load. Institute of
Energy in Building, FHNW, Muttenz.

EnEV (2017). Energy saving ordinance on energy saving
thermal insulation and energy saving system
technology in buildings, Berlin.
European Parliament (2010). Directive 2010/31/EU of
the European Parliament and Council of May 19,
2010 on the energy performance of buildings (recast),
Journal of the European Union, L 153/13.
IEA TCP (2013). IEA SHC Task 40 EBC Annex 52
Towards Net Zero Energy Solar Buildings, Oct. 2008
to Sep. 2013.
Equa Simulation AB (2019). IDA-ICE 4.8, Stockholm.
International Organisation for Standardisation (2017).
Energy performance of buildings-Overarching EPB
assessment -- Part 1: General framework and
procedures (ISO 52000-1:2017).
IPEEC Building Energy Efficiency Taskgroup (2018).
Zero Energy Building Definitions and Policy
Activity – An International Review, Paris.
JRC science for Policy (2016). Synthesis report on the
national plans for nearly Zero Energy Buildings
(NZEBs), Ispra.
KfW (2019). Efficiency house 55, Fact sheet energy
efficient building, Kreditanstalt für Wiederaufbau,
Frankfurt am Main.
Kurnitski, J. (Editor) (2013). REHVA nZEB technical definition and system boundaries for nearly zero energy
buildings, 2013 revision for uniformed national
implementation of EPBD recast prepared in
cooperation with European standardization organization CEN, REHVA report No 4, Federation of
Heating, Ventilation and Air Conditioning
Associations, Brussels.
MathWorks (2017). Matlab-Simulink, Release 2017 a,
Massachusetts.
OIB Directive 6 (2015). Energy saving and thermal
insulation, Austrian Institute of Building
Technology, Vienna
Siegele, D., Leonardi, E. and Ochs, F. (2019). A New
MATLAB Simulink Toolbox for Dynamic Building
Simulation with B.I.M. and Hardware in the Loop
Compatibility. In Building Simulation. Rome, Italy:
IBPSA
Solar Energy Laboratory (2017). TRNSYS, version 17,
University of Wisconsin-Madison

________________________________________________________________________________________________
5067
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________

Evaluating the Potential of High Performance Concrete 3D-Printing for Zero Energy Homes
Paola Sanguinetti, Khaled Almazam, Omar Humaidan, Joe Colistra
University of Kansas, Lawrence, USA

Abstract
This simulation-based case study explores the potential of
concrete 3D printing for a Net Zero Energy housing unit.
Three building envelope scenarios will be compared to
analyze the insulating capacity of concrete 3D printed
walls and the predicted energy consumption. The
expected utility costs are calculated based on the energy
value in the Midwest region of the United States. This
paper discusses the potential energy savings with the
implementation of renewable energy systems. The
analysis is limited to the predicted monthly utility bills to
determine which of the scenarios is economically viable
within the U.S. Department of Housing and Urban
Development's standards for affordability.
Keywords
Net Zero Energy Building, 3D printing, Additive
Manufacturing, Affordability

Introduction
Additive manufacturing (3D printing) has the potential to
transform the Architecture, Engineering,
and
Construction (AEC) Industry by automating construction
and bringing efficiency to the building delivery process.
Current research in 3D printing technologies for AEC has
focused on the use of high performance concrete as a
material that can be adapted to this construction approach.
This paper reviews the research in concrete 3D printing
and aspects to consider in order to achieve economic and
environmental benefits. A case study, focused on the
construction of affordable homes, proposes an integrated
approach to evaluate the performance of 3D printing. The
study links two simulation models for an integrated
performance analysis. The potential to meet the Net Zero
Energy standard and achieve energy savings with the
implementation of renewable energy systems is
discussed. The analysis is limited to predicted monthly
utility bills to determine which of the scenarios is
economically viable within the U.S. Department of
Housing and Urban Development's standards for
affordability. The results suggest further considerations to
evaluate the economic feasibility of this construction
method.

Developments in 3D Concrete Construction
and Net Zero Energy Buildings
The development of 3D printing in the construction
industry launched a new stage of large scale construction
components, which caused improvement in 3D-printing
of complex walls, facades, and other large elements.
Cement-based materials are the most studied option for
widespread use in additive construction. 3D printed
concrete homes are being built as a cost effective solution
to high demand (Bos, Wolfs, Ahmed, & Salet, 2016). In
terms of construction time, 3D printers that use concrete
can print a house in 24 hours due to advances in curing
time and construction automation (Nadarajah, 2018).
However, research is limited to other performative aspects
of this type of construction (Hager, Golonka &
Putanowicz, 2016). The thermal insulation properties of
buildings with a 3D printed envelope need to be
considered when evaluating energy performance. As a
sustainable approach to energy efficiency, the Net Zero
Energy Building standard aims to reduce the demand for
energy using a) passive approaches, such as a high Rvalue in the building envelope, and b) renewable energy
strategies to provide the energy needed for the building
(Torcellini, Pless, & Leach, 2015). The next sections
review the state of the art in concrete additive
manufacturing and Net Zero Energy.
Performance Aspects of 3D Printed Construction
Research in additive manufacturing (AM) has focused on
the relationship between two important aspects: material
design formulations and the printing system. Material
optimization and geometric complexity are key issues
when dealing with AM using rheological materials to
fabricate building components. Research has shown that
cement-based materials demand fast curing and low
slump, as the substance is unsupported after leaving the
extrusion nozzle (Ghaffar, Corker, & Fan, 2018). The
Concrete Printing method has been explored to eliminate
labor-exhaustive molding, which is not possible with
traditional construction procedures (Lim, Buswell, Le,
Austin, Gibb, and Thorpe, 2012). A new device has been
brought to the field - the sliding pipe humidity gauge,
providing a more accurate prediction of pumping
compressions and feeding level (Ghaffar et al., 2018).
Concrete 3D printing without temporary supportive
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elements, has been executed with a 6-axis robotic arm to
perform an accurate cement printing layer by layer
(Gosselin, Duballet, Roux, Gaudillière, Dirrenberger, &
Morel, 2016). Malaeb et al. (2015) have examined the
workability and flowability of 3D printed homes.
Performance Aspects of Net Zero Energy Buildings
The common definition of Net Zero Energy building is
that a building produces as much energy as it consumes
using renewable energy sources. Researchers have
identified four areas of consideration: net zero source
energy, net zero site energy, net zero energy emissions,
and net zero energy costs. (Torcellini, Pless, Deru, &
Crawley, 2006). Research in architectural design has
focused on the integration of passive and active strategies
to achieve Net Zero Energy single-family homes. The US
Department of Energy has also promoted research in Net
Zero Energy housing units that combine architectural and
engineering research (Solar Decathlon, 2019). Research
to improve the building’s envelope configuration include
installing proper shading elements, integrating highefficiency heating and cooling systems, adding solar
panels, and implementing a smart energy management
system to monitor the building use (Kolokotsa, Rovas,
Kosmatopoulos, & Kalaitzakis, 2011). Other researchers
have proposed new wall assemblies using highly insulated
precast panelized concrete systems, including a thin
external layer of ultra-high-performance concrete and a
thick layer of rigid foam insulation (Wash U., 2017). This
concrete panelized system was designed to be
prefabricated and assembled on-site. This area of research
has produced unique design prototypes that point to the
need to consider the cost implications of innovative
solutions to meet energy performance in residential
construction.

community group looking to develop affordable housing
in the Kansas City metropolitan area. The single-family
home depicted in Figure 1 is approximately 1,544 ft2
(143.44 m2), 2-bedroom, 1-bath structure. A master
bedroom, second bedroom, living room, dining room, and
hall are organized around a central service core comprised
of a kitchen and bathroom. The central kitchen and
bathroom were centrally located and anticipated to be
developed as a prefabricated unit with an HVAC system
located in an accessible compartment above. The onestory structure is designed as an insulated slab on grade.
Thickened slab edges at the perimeter support the weight
of the 3D printed exterior walls. Window and insulation
configurations are described in the various case study
scenarios. High-performance windows have been used.
Uniformly sized 3′ x 4′ (91.4cm x 121.9cm) casement
windows are shown to meet egress requirements and to
maximize natural light in the space. Sun shades or
canopies would be configured to maximize the winter
light while minimizing the summer heat. 3D printed
concrete is left exposed as the exterior finish on all
scenarios in order to allow the 3D printed concrete to be
displayed as a prominent design feature. Interior partition
walls are non-load bearing and are anticipated to be
constructed of 2x framing lumber. A wood truss system is
used for the roof with a raised-heel truss configuration to
allow for maximum continuous insulation.

Case Study: 3D Printed Single Family Home
in Kansas
The case study presented in the next sections explores the
potential of a 3D printed house to be economically
feasible and achieve the Net Zero Energy standard.
According to the US Census Bureau, the median
household income ranges from $55,000 to $59,000 in
Kansas, which is considered to be a moderate annual
income (Fontenot, et al. 2018). The low-income earnings
per capita in Douglas County, Kansas, ranges from
$14,950 to $39,800. Very low income per person is
$24,850 which is the average annual income in Kansas.
The average monthly income is about $2,070 for one
person, and $2,366 for a family that consists of two
members (HUD, 2015). The average rental housing varies
depending on the building scale and room numbers. The
average rent for zero bedrooms (studio apartment) is
about $650 per month. A one-bedroom home has an
average rent of $825 per month. The third category of
rental housing is a two-bedroom home with an average
rent $950 per month. The last and higher average rent is a
three-bedroom home at $1,065 (HUD, 2015).
The house used as a case study was designed by
architecture students at the University of Kansas for a

Figure 1: Layout of the affordable home showing the
building zone and the location of the windows and doors
in the building envelope
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Analysis Process
A model of the single family home is created to evaluate
the building envelope and energy performance. Figure 2
shows the proposed approach to evaluate the performance
of 3D printing for an affordable housing unit. The study
links two models for this integrated performance analysis:
a computational fluid dynamics model of the building
envelope and an energy zonal model of the housing unit.

Table 1: Base-case typical wall construction with
insulation in the wall cavity wall construction
Layer Type

Material
Properties

Layer
Thickness

Interior Finish

Gypsum Board

½″
(1.27cm)

(2x 6) Douglas Fir
lumber framing
with Oriented
Strand Board
sheathing

5½″ + 7/16”
(15.08cm)

Thermal Barrier

Fiberglass
Insulation

5½″
(13.97cm)

Vapor Barrier

ZIP system
Engineered
Sheathing with
integrated waterand air-resistive
barrier

7/16”
(1.11cm)

Exterior
Cladding

wood siding

7/8″
(2.22 cm)

Structural Layer

Figure 2: Integrated modelling approach to evaluate the
potential of high performance concrete 3D printing.

Base Case

S1

S2

S3

Figure 3: Plan section view of the Base Case and three
scenarios for 3D printed walls
Base-case model
In order to provide a baseline for energy comparison, the
model of the home is first analyzed with a typical
residential wall construction in the United States. The
wall is modelled as a 2″ x 6″ (5.08 x 15.24cm) lumber
framing with insulation in the wall cavity, as required by
the building code, with a total thickness of 8″ (20.32cm)
(Table 1).

3D printed model
Variations of the 3D printed wall configuration were
examined using THERM software (Huizenga et al., 2017)
to estimate the transmittance (R-value) of the wall
assembly and the solar heat gain coefficient of the
windows. The R-value and SHGC for each scenario were
used as input to evaluate a house using the energy
simulation software e-QUEST (Hirsch, 2014) to estimate
the energy consumption of the 3D printed home.
3D printed wall configurations
Three concrete 3D printed wall configurations are tested
to evaluate their thermal performance. Tables 2-4 show
the organization of the wall layers. In Scenario 1, the 3D
printed wall is finished on the interior with no additional
insulating layers. In Scenario 2, insulation is added to the
3D printed wall cavity. In Scenario 3, insulation is added
to the 3D printed wall cavity, and an additional layer of
insulation is added in the interior side of the wall between
the interior finish and the 3D printed wall. These three
scenarios are tested with high performance windows to
examine the solar heat gain coefficient and its influence
on the overall thermal performance of the 3D printed
house.
Table 2: Scenario 1 for 3D printed wall without
insulation
Layer Type

Material
Properties

Layer Thickness

Structural Layer

High Performance
Concrete

2″
(5.08cm)
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Table 3: Scenario 2 for 3D printed wall with insulation
in the wall cavity
Layer Type

Material
Properties

Layer Thickness

Structural Layer

High
Performance
Concrete

2″
(5.08cm)

Insulation in the
cavity

Spray Insulation
(polyurethane
foam insulation)

1 ½″
(3.81 cm)

Table 4: Scenario 3 for a 3D Printed wall with
insulation in the wall cavity and additional insulation in
the interior side of the wall
Layer type

Material
Properties

Layer Thickness

Interior Finish

Gypsum Board
Adhered to
Expanded
Polystyrene
(EPS)

1/2″
(1.27cm)

EPS adhered to
the 3d printed
wall

7 ¼″
(18.4 cm)

Structural Layer

High
Performance
Concrete

2″
(5.08cm)

Insulation

Spray Insulation
In the wall
cavity

1 ½″
(3.81cm)

Interior
Insulation

Table 5: R value simulation results
Wall Type

Results
The results are presented for the CFD simulation and the
energy simulation. Figures 3 and 4 show the model
visualizations in THERM and e-QUEST. First the Rvalue obtained for the Base Case and the three scenarios
for 3D printed wall configuration. These results are used
as input to evaluate the performance of the housing unit.
Base Case

S1

S2

Figure 5: Visualization in e-QUEST of the model of the
case study house
Wall simulation results
Table 5 shows the R value results for the base case and
the 3D printed wall scenarios. The R-value for the Base
Case is 26.6 ft2·°F·h/BTU (150.9 m2.K/W). For Scenario
1, the R-value is 7.6 ft2·°F·h/BTU (43.1 m2.K/W). For
Scenario 2, the R-value is 19 ft2·°F·h/BTU (107.8
m2.K/W). For Scenario 3, the R-value is 39.3
ft2·°F·h/BTU (223 m2.K/W).

S3

Figure 4: Visualization of the wall scenarios tested using
THERM 7.6

Total
Wall
Thickness

R-Value

Base-Case

Typical
8″
Residential Wall (20.32 cm)
Construction

26.6
ft2·°F·h/BTU
(150.9
m2.K/W)

Scenario 1

3D Printed Wall
9″
without
(22.86 cm)
Insulation

7.6
ft ·°F·h/BTU
(43.1m2.K/W)

Scenario 2

3D Printed Wall
9″
with Insulation (22.86 cm)
in the Wall
Cavity

19
ft2·°F·h/BTU
(107.8
m2.K/W)

Scenario 3

3D Printed Wall
17″
with Insulation (43.18 cm)
in the Wall
Cavity and
Interior

39.3
ft2·°F·h/BTU
(223 m2.K/W)

2

Energy simulation results
The results are presented for the predicted heating and
cooling loads, electric consumption, electric cost, Energy
Use Intensity, and annual utility bill. Figure 6 shows the
annual heating and cooling loads for the Base Case and
the three scenarios in the case study. For the Base Case,
the annual cooling load is 2440 kWh, and the annual
heating load is 480 kWh. For Scenario 1, the annual
cooling load is 2930 kWh and the annual heating load is
2560 kWh. For Scenario 2, the annual cooling load is
1900 kWh and the annual heating load is 1350 kWh. For
Scenario 3, the annual cooling load is 1620 kWh and the
annual heating load is 710 kWh. A comparison of these
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Predicted Electric Consumption
25

21.8

20
kWh x 1000

results shows that the Base Case has the lowest demand
among the predicted results, and Scenario 1 has the
highest annual cooling load. Among the three 3D printed
wall scenarios, Scenario 3 has the highest energy-efficient
consumption where the cooling load is 1620 kWh.
Scenario 1 has the highest annual heating demand which
is 2560 kWh.
Figure 7 compares the predicted annual electric
consumption between the Base Case and the three
scenarios for a 3D printed home. The Base Case annual
electric consumption is 12,310 kWh. Scenario 1 has the
highest electric consumption at 21,800 kWh, and Scenario
3 has the lowest electric consumption at 10,820 kWh.
Figures 8 shows the results for the predicted monthly
utility costs for Base Case and the three scenarios. Figure
9 compares the Energy Use Intensity (EUI) between the
Base-Case and the three scenarios for a 3D printed home.
The Base Case EUI is 27.2 kBtu/ft2.yr. (85.8 kWh/m2.yr.)
Scenario 1 has the highest EUI at 48.17 kBtu/ft2.yr. (151.9
kWh/m2.yr.), and Scenario 3 has the lowest EUI at 23.90
kBtu/ft2.yr. (75.4 kWh/m2.yr.).
Figures 10 and 11 show the annual utility cost for the Base
Case and Scenario 3. Figure 12 compares the total annual
utility cost, for the Base Case, $1,231, and Scenario 3,
$1,082.

15

14.6
12.31

10.82

10
5
0

Base-case

S1

S2

S3

Figure 7: Comparison of the annual electric
consumption of the Base-Case model and the 3D printed
wall scenarios for a 3D printed home

Predicted Electric Cost
$2,500

$2,188

$2,000
$1,500

$1,460

$1,231

$1,082

$1,000
$500

Cooling and Heating demands
3.5
2.93

3

kWh X 1000

2.5

$0

cooling demand
Heating demand

2.56

2.44

S1

S2

S3

Figure 8: Comparison of the Predicted Electric Cost for
the Base-Case and the 3D printed wall scenarios for a
3D printed home

1.9

2

Base-case

1.62
1.35

1.5
1

EUI (Energy Use Intensity)
60

0.71

0

Base-case

S1

S2

S3

kBtu/ft².yr

0.5

48.17

50

0.48

40
30

32.26

27.2

23.9

20
10

Figure 6: Comparison of the annual heating and cooling
demand for the Base-Case and the 3D printed wall
scenarios for a 3D printed home

0

Base-case

S1

S2

S3

Figure 9: The Energy Use Intensity for the base case and
the three wall scenarios.
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250

Monthly Utility Bills ($)

US Dollar

200
150
100
50
0

Monthly Utility Bills ($)
Figure 10: Annual utility cost for the Base Case (Typical
residential construction) obtained from eQUEST 3.65

Monthly Utility Bills ($)
US D0llar

250
200
150
100
50
0

Monthly Utility Bills ($)
Figure 11: Annual utility cost for Scenario 3 for a 3D
printed house obtained from eQUEST 3.65

Annual Utility Bill
$1,250

$1,231

$1,200
$1,150
$1,082

$1,100
$1,050
$1,000

Base-case

S3

Figure 12: Comparison of annual utility bill for basecase house and a scenario 3 of 3D printed house

Discussion
The case study considers two performance aspects of a 3D
printed home. Environmental performance is evaluated in
terms of the R-value of the building envelope, and
Economic performance is evaluated in terms of
affordability and its impact on the cost of the predicted
annual utility bill.

Compliance with Energy Standards
To evaluate the potential to meet the Net Zero Energy
standard, the study first explores the thermal performance
of the building envelope. Three scenarios were evaluated
for increasing the insulating properties of the exterior
walls. The results indicate that among the three scenarios
evaluated for the 3D-printed home, the wall with an
insulated cavity and an additional layer of insulation will
have a better thermal performance than a home with
typical residential construction.
Passivhaus Standard
Because the insulation was almost doubled for Scenario
3, the 3D printed concrete wall achieves an R-value. The
increase in the thermal mass is a way to reduce thermal
transfer to the interior spaces at low-cost. In this case
study, meeting the Passivhaus standard could be
considered an important step towards achieving a Net
Zero Enegy building in temperate zone (Sameni et al.,
2015). The Passivhaus standard places emphasis on the
building envelope, by increasing its R-value, and to
reducing air-infiltration. In the 3d printed house, the wall
may meet the Passivhaus standard, but thermal bridging
was not evaluated at the connections between the wall and
the roof or the wall and the floor slab.
This study utilizes a passive energy strategy to improve
the thermal performance of the building envelope; this
approach performs well in winter but does not perform
efficiently to enhance the passive cooling in the climates
that have high temperature degrees in the summer.
Specifically, residential buildings in Kansas require active
systems to guarantee optimal human comfort.
Net Zero Energy Standard
The Net Zero approach requires a balance between the
energy consumption and generation using renewable
generation sources. Following the passive strategy of
improving thermal performance, the Energy Use Intensity
(EUI) is evaluated, and on-site energy generation is
considered.
The case study results indicate:
a) The EUI for the Base Case is 27.2 kBtu/ft2.yr. (85.8
kWh/m2.yr.). This result meets the code requirement of
2012 IECC (International Energy Conservation Code)
which ranges between 35 to 45 kBtu/ft².yr. (110.4 to 151.9
kWh/m2.yr.). For a typical single-family home in U.S.,
the EU is about 55.4 kBtu/ft².yr. (174.7 kWh/m2.yr.)
b) Among the three scenarios evaluated for the 3D-printed
home, the EUI for Scenario 3 is the lowest, at 23.9
kBtu/ft².yr. (75.4 kWh/m2.yr.). This result does not meet
the code requirement of 2012 IECC, but it meets the Highperformance building standard, which requires that a
building’s EUI does not exceed 35 kBtu/ft².yr. (110.4
kWh/m2.yr.).
c) To meet the Net Zero Energy House standard for a
single-family home, the EUI for Scenario 3 should range
between 5 and 20 kBtu/ft².yr (63.1 kWh/m2.yr.) (Maclay,
2014). Therefore, Scenario 3 will require on-site energy
generation to cover the additional annual energy demand.
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Based on the results for the Predicted Electric
Consumption (Figure 6), the annual energy demand for
Scenario 3 is estimated to be 10,820 KWh. This level of
energy demand can be covered with 6 PV panels, installed
in the rood of the house. The size of the PV system can
range between 8.10 KWh and 9.32 KWh, depending on
hours of daily sun that Kansas receives. This PV system
can produce 1296 kWh per month as an average on-site
energy production, and 300 watts per hour with $0.72 per
watt (Feldman et al., 2018).
Compliance with Affordability Standards
To evaluate the affordability of a 3D printed home, the
monthly and annual utility costs need to be considered.
The utility bills weigh heavily on moderate- and lowincome families because of the high tariff rates of
electricity. According to HUD (2015), the average
monthly rent for a two-bedroom single-family house in
Kansas is $950. This monthly rent constitutes 40% of the
total income for a low-income family.
In the case study presented in this paper, the results
indicate the following:
a) The estimated annual electric bill obtained from
eQUEST is $1,231, for the Base-Case, and $1,082,
for Scenario 3.
b) When these values for the annual electric bill are
normalized using the house gross area, which is 1,544
ft2 (143.4 m2), the calculated cost is $0.79 per ft2 ($8.5
per m2) for the Base-Case, and $0.70 per ft2 ($7.5 per
m2) for Scenario 3.
c) The average monthly electric bill for the Base-Case
is $102.58, which comprises 4% to 5% of the median
income of low-income households. The estimated
average monthly electric bill for Scenario 3 is $90.16.
This result constitutes a reduction of 12.1%, which
meets the standard for affordability.
Future studies
Based on the findings in this case study, passive strategies
are needed to improve heating and cooling performance.
More study is needed on the potential passive strategies
for 3D printed residential construction:
Reducing Cooling Demand
Adding shading elements could be incorporated into the
south facade of the building to reduce the cooling demand
and compliment the Passivhaus approach to a wellinsulated building envelope.
Model Calibration
One of the steps in this case study will be to produce full
scale 3D printed wall prototypes to evaluate their thermal
performance. The data collected will be used to calibrate
the simulation models.
Improving thermal properties
The glazing area could also be revised on the east and west
facades to minimize external heat gain. In addition, the
simulation study should evaluate the impact of thermal
storage by the concrete walls as one of the best passive
heating and cooling strategies to reduce the energy
consumption of the building. More insulation strategies

will need to be evaluated in conjunction with 3D printed
wall configurations. The effect of thermal insulation
included in the cement mixture could be quite impactful
to the overall energy performance of the building, such as
phase-changing materials or other innovations such as
micro particles of ceramic insulation (Muth, Dixon,
Woish, Gibson, & Lewis, 2017).

Conclusion
This case study proposes an integrated approach to
evaluate the performance of 3D printing, by evaluating
both energy and financial performance for this innovative
construction approach. The study compares a typical
constructed single-family home with three scenarios for
3D printed construction. The scenarios explores
increasing the insulation in the building envelope by
filling the concrete wall cavity and adding insulation in
the interior side of the building. The energy use is
quantified by linking a CFD model of the wall with and
Energy model of the house, to analyze the wall thermal
performance and its impact on the overall energy
performance of the single-family home. The findings of
this research paper show that the placement of thermal
insulation in a 3D printed wall can significantly reduce
energy consumption, and the potential reduction in utility
bills can achieve a net zero energy house with
supplemental on-site generated energy strategies. The use
of solar photovoltaic (PV) systems is discussed for
Scenario 3 as an affordable and efficient approach for onsite energy generation. When compared to a typical
constructed home, this case study shows the potential of
3D printing as a construction method to meet one aspect
of affordability, with reduced utility bills for the
inhabitants of the home. More research is needed into this
construction type to incorporate thermal insulation
installation within the additive manufacturing
construction process.
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Abstract
Model Predictive Control (MPC) is a key technology to
activate the building energy flexibility. A reliable controlbased model should be developed for each specific
building. The structure of grey-box models is usually
based on the physical knowledge of the building. Firstly,
it is not certain that this information will be available for
all buildings, especially for small residential buildings.
Secondly, developing a specific model structure for each
building is most probably not affordable. Therefore, the
paper investigates the dependency on the model structure
to create reliable control-oriented model for the thermal
mass of residential buildings. Using a test case, the
performance of grey-box models based on the physical
knowledge of the building are compared to grey-box
models based on a generic structure taken from building
standards (EN 13790 and VDI 6007) as well as black-box
models where no knowledge of the building is required.

Introduction
Renewable energy plays an increasingly important role in
economy growth and to limit CO2 emissions. However,
the increasing penetration of renewables in the grid poses
a challenge for balancing the demand and supply of
electricity. Electricity generated from renewables may not
be consumed optimally and this mismatch can also cause
challenges in the power system. Thus, multiple types of
flexibility are needed in the energy sectors for smart grid
integration (You, Jin, Hu, Zong, & Bindner, 2015).
Buildings accounts for more than one-third of the total
final energy consumption worldwide (Transition to
Sustainable Buildings, 2013). A considerable portion of
the energy consumed by buildings is used for heating,
especially in Nordic countries where the space-heating
season is long and cold. It has been shown that the thermal
mass of buildings can be a significant heat storage (Le
Dréau & Heiselberg, 2016; Glenn Reynders, 2015; Zong
et al., 2017) to perform demand response (DR). Model
predictive control (MPC) is often considered to be a key
technology to activate the thermal energy flexibility. The
control will take the predictions of future disturbances and
system constraints into the optimization so that an optimal
control decision could be made at each time step to
perform DR. The typical disturbances taken into account
are the ambient temperature, solar radiation and internal
heat sources. The objective of the optimization using
MPC is usually to minimize energy use, power, energy

costs or CO2 emissions while subjected to thermal
comfort constraints (Dahl Knudsen & Petersen, 2016).
An effective implementation of a MPC requires a specific
control model of the thermal dynamics of the building.
Methods are typically divided into white-, black- and
grey-box models. White-box models are almost entirely
based on physical laws. Therefore, they require detailed
knowledge of the system to be modelled and its
parameters (such as the geometry). It is often difficult and
very time-consuming to obtain this information in
practice. Some parameters may also change during
operation and deviate from the original design. In
addition, the mathematical complexity of white-box
models makes them unsuited for MPC due to the
computational cost to optimize a large non-linear system
of equations in real time. Model reduction techniques can
nonetheless be applied to white-box models. Black-box
modelling is a data-driven method only considering
system inputs and outputs. It can be applied even if a
limited physical knowledge of the system is available.
Since the data is the only information for the modelling
process, the quality and amount of data will significantly
influence the precision of black-box models. Their ability
to predict the system dynamics outside operating
conditions considered during the model training is also
critical. Grey-box modelling is a combination of the
previous two approaches. The physical knowledge of the
system is used to determine a general model structure (a
low-order model) and the model parameters are identified
using experimental data. Due to the model structure based
on physical grounds, grey-box models require less
experimental data than black-box models and are less
sensitive to the data quality. In addition, they should be
more robust to extrapolate outside the operating
conditions used during the period of the model training.
A single residential building will not provide a large
amount of energy flexibility to the grid. In the context of
smart grids, a large number of residential buildings needs
to be considered. However, the thermal dynamics is
different for each single building. Creating a suitable
control-oriented model is also acknowledged as the most
time-consuming part of the MPC implementation (Atam
& Helsen, 2016), especially when physical knowledge
specific to the building is required (such as in grey-box
models). For grey-box models, the typical approach is to
progressively increase the complexity of the model
structure and to perform a forward selection process to
identify the optimal configuration.
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Some research work has been recently done to develop a
tool that can automatically identify the grey-box models
based on a BIM (Andriamamonjy, Klein, & Saelens,
2019). However, it is still worth investigating if generic
model structures can be an acceptable option to lower the
cost of modelling in MPC. For this purpose, three
modelling approaches are compared on a test case. It is
here assumed that model should be identified using indoor
temperature measurements only. Firstly, a traditional
grey-box modelling approach is used where models of
increasing complexity are created based on the physical
knowledge of the building (i.e. forward approach).
Secondly, the model structures of building standards EN
13790 and VDI 6007 are considered. These models are
low-order white-box models that are able to successfully
predict space-heating needs for various building types.
For instance, some studies have also been done to
compare the simulation results of the two standard whitebox models with TRNSYS simulation (Bruno, Pizzuti, &
Arcuri, 2016; Vivian, Zarrella, Emmi, & De Carli, 2017).
Their structures, even not optimal for a specific building,
may nonetheless be a good candidate for a generic
structure of grey-box models. Finally, these two methods
to create grey-box models are compared to black-box
models identified using a subspace method and then
refined using numerical minimization of simulation
errors. The long-term predictions (i.e. simulation without
a disturbance model) of these models are evaluated as
well as their estimates of some major building thermal
characteristics (such as overall heat loss coefficient and
thermal capacities).

temperatures as well as the global solar radiation on a
horizontal plane and the electricity consumption. In this
study, the ventilation losses are not identified but directly
introduced in the model as heat losses. These losses have
been evaluated using the measured temperature difference
between the supply and exhaust ventilation air combined
with the measured airflow rate (constant during
experiments). This research focuses on data from
experiments 2 and 4 since both experiments were
conducted with the building unoccupied and internal
doors opened. This leads to an almost uniform spatial
distribution of the air temperature inside the building.
However, there is some temperature stratification and all
air temperature sensors are therefore volume-averaged to
represent the mean indoor air temperature Ti. Experiment
2 is used to train the model while experiment 4 is used for
validation.

Dataset and platform description
The ZEB Living Lab is a zero-emission single-family
house located in the campus of the Norwegian University
of Science and Technology (NTNU) in Trondheim. The
total floor area of the building is about 100 m2. The
envelope is a wooden frame insulated with 35-40 cm
mineral wool and with a glazing ratio of 0.2. Photovoltaic
panels installed on the roof has been designed to provide
enough onsite renewable energy production to reach a
zero CO2eq emission balance over the building lifetime.
The water-based heating system consists of a ground
source heat pump. The space-heating can be either
performed by floor heating, a central radiator or the
ventilation air. However, the current study is based on
measurement data from a previous experiment where
space heating was performed using an electrical heater (P.
Vogler-Finck, Clauß, & Georges, 2017; P. J. C. VoglerFinck, Clauß, Georges, Sartori, & Wisniewski, 2018). The
electric heater was located in the middle of the building
while a Pseudo-Random Binary Signal (PRBS) was used
to excite the thermal dynamic of the building in a large
spectrum of frequencies. The floor plan of the building is
shown in Figure 1 along with the location of the electric
radiator and the temperature sensors.
The dataset contains three successful experiments, which
are named experiment 2, 3 and 4 (experiment 1 being
omitted). The data includes measurements every 5
minutes of the ambient temperature, indoor air operative

Figure 1: Picture and Floor plan of the ZEB Living Lab
(P. J. C. Vogler-Finck et al., 2018)

Grey-box models
As mentioned in the introduction section, grey-box
modelling is a combination of measurement data and
physical knowledge. The thermal dynamics of the ZEB
Living Lab is assumed to be linear and time invariant
which is a common approximation for building
envelopes. It can then be approximated by low-order
resistance-capacitance (RC) networks. The model order is
defined by the number of heat capacitances included in
the model. This paper considers two categories of
structure for the grey-box model: seven structures derived
from our prior knowledge of the Living Lab and two

________________________________________________________________________________________________
5077
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
generic structures derived from standards for energy
calculations (EN 13790) and (VDI 6007).
Knowledge-based models
The simplest model structure is a 1st order model. The
other models are created by progressively adding more
components, the most complex structure being a 3rd order
model. Only the most complicated 3rd order model is
presented in Figure 2 since the other models are
simplifications of this structure as described in Table 1.
1/UAia

1/UAih
Th

Ph

1/UAie

Ti

Ch

1/UAea
Te

Ci

Ta

Ta

Ce

Awi*Ps Qvent+Qapp Aw*Ps

Figure 2: Most complex model structure (3C).
The 1st order model has one heat capacitance (Ci), the 2nd
order model has two heat capacitances (Ci and Ce) while
the 3rd order model has three heat capacitances (Ci, Ce and
Ch). The physical meaning of these components is
described here below.
Table 1: Structure of the different knowledge-based
grey-box models.
MODEL

1C

2Cs

2C

3Cs

3C

3Csd

3Cd

Rih
Rie
Rea
Ria
Ce
Ci
Ch
Awi
Awe







































































Ti
Te
Th
Ta
Ci

Ce
Ch

Rie

Temperature of interior heat capacity [°C].
Temperature of the building envelope [°C].
Temperature of the electric heater [°C].
The outdoor/ambient temperature [°C].
Heat capacity of the interior which is
assumed to be the combination of the
thermal mass of the air, the furniture,
internal walls and the first centimeters of the
internal surface of external walls [kWh/K].
Heat capacity of the building envelope,
(external walls and windows) [kWh/K].
Heat capacity of the heater which is assumed
to the combination of its thermal mass and
some air around the heater [kWh/K].
(1/UAie) Heat resistance between the
building envelope and the interior of the
building [K/kW].

Rea

(1/UAea) Heat resistance between the
ambient and the building envelope [K/kW].
Ria
(1/UAia) Heat resistance between the
ambient and the interior of the building
[K/kW].
Ph
Heat gain from the electric heater [kW].
Ps
Global solar irradiation on a horizontal
plane [kW].
Qapp Heat gain from internal loads (appliances)
[kW].
Qvent Heat gains from the ventilation [kW].
Awi
Effective window area for the solar gain that
enters directly the interior node [m2].
Awe Effective wall area for the solar gain directly
applied to the envelope of the building [m2].
Standard models
The structure of the two RC-models is taken from the
standards EN 13790 and VDI 6007 (Vivian et al., 2017)
The EN 13790 model has originally five resistances and
one capacitance, as shown in Figure 3. The heat
capacitance represents the heat capacity of the building
envelope. Since the ventilation heat loss is directly
injected as a heat gain in our model, the specific resistance
of EN 13790 related to ventilation is removed. The
resulting grey-box model has therefore four resistances.
Detailed physical explanation of the RC components in
EN 13790 are described below.
1/UAas

Ti

Ts
1/UAis

Te
1/UAea

1/UAes
a*Aw*Ps

a*Qapp/2
Ce
Ta

Qvent

Ti
Te
Ts
Ta
Ce
Res

Rea
Ras

Ph

Qapp/2

(1-a)*Qapp/2 (1-a)*Aw*Ps

Figure 3: Model structure of EN 13790.
Interior temperature (as previously defined)
[°C].
Temperature of the building envelope [°C].
The temperature of the internal surface of the
building envelope [°C].
The outdoor/ambient temperature [°C].
Heat capacity of the building envelope
[kWh/K].
(1/UAes) Heat resistance between the building
envelope and the internal surface of the
building envelope [K/kW].
(1/UAea) Heat resistance between the ambient
and the building envelope [K/kW].
(1/UAas) Heat resistance between the ambient
and the internal surface of the building
envelope [K/kW].
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Ris

(1/UAis) Heat resistance between the internal
surface of the building envelope and the
internal node [K/kW].
Ph Heat gain from the electric heater [kW].
Ps Global solar irradiation on a horizontal plane
[kW].
Qapp Heat gain from internal loads (appliances)
[kW].
Qvent Heat gains from the ventilation [kW].
Aw Effective window area for the solar gain [m2].
According to EN 13790, half of the internal gains Qapp is
directly entering the internal node (Ti) while the heat
emitted by the radiator is fully entering this node. Thus, a
coefficient of 1/2 is applied to Qapp and a coefficient of 1
to the space-heating power Ph. In EN 13790, the fraction
of internal and solar gains entering the internal surface
(Ts) and the envelope nodes (Te) should be evaluated using
the detailed geometry of the building. Therefore, one
model parameter (a) is added and should be identified. In
order to guarantee energy conservation, the sum of the
two fractions of Qapp applied respectively to nodes Ts and
Te is constrained to 1/2. Solar radiation only enters at
nodes Ts and Te, so the sum of the two fractions of solar
gains at Ts and Te is constrained to 1.
The VDI 6007 model originally has seven resistances and
two capacitances. Like EN 13790, the heat resistance
related to the ventilation heat losses is substituted by the
measured ventilation heat gains. Detailed physical
explanations of the RC components of VDI 6007 are
shown below.
Te2

Ts2

1/UAes2

Tv

1/UAis2

1/UAis1

Ts1

b2*Ph Awi*Ps a2*Qapp

1/UAes1

1/UAea1

Ce1
Ti

b1*Ph Awe*Ps a1*Qapp

e*Ph d*Qapp Qvent

Ti
Tv
Ts1

Ts2
Te1
Te2
Ta
Ce1
Ce2

Black-box models

Te1

1/UAiv

Ce2

Res1 (1/UAes1) Resistance between the building
envelope and the internal surface of the
envelope [K/kW].
Res2 (1/UAes2) Resistance between the internal walls
and their surface [K/kW].
Ris1 (1/UAis1) Heat resistance between the internal
surface of the envelope and the star node
[K/kW].
Ris2 (1/UAea1) Heat resistance between the ambient
and the building envelope [K/kW].
Rea1 (1/UAea1) Heat resistance between the ambient
and the building envelope [K/kW].
Riv (1/UAea1) Heat resistance between the star node
and the indoor air and furniture node [K/kW].
Ph Emitted heat from the electric heater [kW].
Ps Global solar irradiation on a horizontal plane
[kW].
Qapp Heat gain from internal loads (appliances)
[kW].
Qvent Heat gains from the ventilation [kW].
Aw Effective window area for the solar gain [m2].
The coefficient for internal heat gains (Qapp) and the
emitted power by the radiator (Ph) are estimated by the
grey-box modelling approach. It results in six parameters
a1, a2, b1, b2, d and e. To guarantee the conservation of
energy, additional constraints for these variables are
applied: the sum of the coefficients of a1, a2 and d and the
sum of coefficients of b1, b2 and e are set to 1.

Figure 4: Model structure of VDI 6007.
Interior air and furniture temperature [°C].
Interior “star” node [°C].
The internal surface temperature of building
envelope (meaning external walls and
windows) [°C].
The internal surface temperature of internal
walls [°C].
Temperature of the building envelope [°C].
Temperature of internal walls [°C].
The outdoor/ambient temperature [°C].
Heat capacitance of the building envelope
[kWh/K].
Heat capacitance of internal walls [kWh/K].

Ta

In black-box modelling, data is used to train mathematical
models with parameters that cannot be given an
immediate physical interpretation. In this study linear
time-invariant state-space models with model orders from
one to three are examined:
xk+1 =A xk +B uk
(1)
k
k
y =C x
(2)
where x is the state vector and A, B and C are system
matrices. u is the input (outdoor temperature, solar
radiation and heat gains) and y is the output (indoor
temperature). Note that no disturbance term K (Kalman
gain) is included because we focus on long-term
predictions. All coefficients in the system matrices are
free and unconstrained which gives the optimizer
maximum freedom (for a given model order) to adjust the
coefficients to fit to the training data. The downfall is that
the model cannot be guaranteed to always comply with
physical laws (i.e. conservation of energy). In case of poor
training data, the model might have a very poor
performance on new data.
This study has trained the black-box models in two steps.
Firstly, subspace system identification estimates an initial
model using the n4sid function in MATLAB (Ljung,
2011). Secondly, the model is refined through numerical
simulation-error minimization using the pem function of
MATLAB.
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It should be noted that, even though the black-box
parameters do not have an immediate physical meaning,
it is in fact possible to extract some insight on the thermal
characteristics of the building. For instance, the overall
heat loss coefficient can be estimated as the inverse of the
steady-state output (i.e. the room temperature) for a step
response of the heat input. This value is also shown in
Tables 2 and 3 for the 2nd order black box model (2B).

Results
Tables 2 and 3 show some of the most important physical
parameters identified and the simulation results for all
models, respectively for the original sampling time of 5
minutes and a data subset based on 15-minutes averaging.
Since this paper mainly focuses on the long-term stable
prediction of the model, no disturbance model is included
to correct the current state based on prediction errors.
Other studies on grey-box modelling often focus on the
one-step ahead predictions (Bacher & Madsen, 2011), but
for MPC implementation it is important to have good
performance for a longer prediction horizon. Since there
is no human occupancy during experiments and since
energy consumption and the indoor temperature are
accurately measured, the data quality is considered to be
relatively high compared to what can be expected in real
building operation: the signal-to-noise ratio (SNR) is
expected to be high. The model performance is evaluated
using the NRMSE (fitting), RMSE and the range of
magnitude taken by the physical parameters (which
should be related to the building physics to a reasonable
degree). AIC (Akaike information criterion) and BIC
(Bayesian information criterion) are used as
complementary performance criteria to judge if the model
is over-fitting.
Knowledge-based models are first analysed. The fitting of
the 1st order model is relatively low: the NRMSE fitting
is 58% for the training dataset while the fitting decreases
to only 23% for the validation dataset. This implies that
only one state is not enough to describe the thermal
dynamics of this building. The 2nd order model has a new
state related to the building envelope which can
significantly improve the model prediction performance
compared to the 1st order model. This is confirmed by the
results reported in Table 2. The fitting of the 2nd order
model 2Cs increases significantly to 81% for the training
dataset and 79% for the validation dataset, RMSE values
confirms this trend with decreasing values (from 0.5502
to 0.2489 in the training dataset). The 2nd order model 2C
has one additional resistance (Ria) compared to the model
2Cs. Ria represents the heat losses from infiltrations and
heat conduction through components of the building
envelope with negligible thermal mass (such as windows
or external doors of the building). However, results show
that the value of 1/Ria is zero so that the model collapses
into the 2Cs models (with parameters being exactly the
same). The AIC and BIC values of 2C are slightly higher
than the 2Cs. The ZEB Living Lab is a super-insulated
building envelope with limited infiltrations. It was
therefore anticipated that the contribution of infiltrations
should be negligible. However, the building has a large

amount of glazing. An infinite Ria was therefore
unexpected based on prior physical knowledge. In
conclusion, for this test case, the resistance Ria is not
necessary for the 2nd order model. Based on the simulation
performance and the value of the parameters, the model
2Cs could be a reliable control model for the ZEB Living
Lab. Comparing the 2Cs model for 5- and 15-minutes
time intervals, it shows very similar physical parameters
and simulation performance. The 2nd order black-box
model 2B has an 83% fit on training data and 88% on
validation data. It is thus the best performing 2nd order
model.
In order to investigate whether the 2nd order model could
be further improved, a new state corresponding to the
heater is introduced in the grey-box model. The physical
reason for adding this additional state is to compensate for
the potential time delay related to the thermal dynamics
of the electric heater. Four 3rd order models are tested in
this paper. Model 3Cs shows a good fitting of 81% for the
training dataset (with a RMSE value of 0.248) while the
AIC and BIC values are lower than for the 2Cs model.
However, the heat capacity of the interior (Ci) is
extremely low while the heat capacity of the heater (Ch)
is estimated to be 1.496 kWh/K, which is too high for an
electric radiator. As the value of these parameters has
limited physical meaning, the model 3Cs is discarded.
The fitting of model 3C is low compared to the others. Its
AIC and BIC values are also much higher so that this
model is also discarded. As for 3Cs, model 3Csd has a
relatively good fitting of 79% on the training dataset but
the values for the parameters related to the building
envelope and heater are far from reasonable. This model
is also rejected. Model 3Cd has a fit of 81% and an RMSE
value of 0.253 on the training data. However, the fit for
the validation dataset is 70%, which is not as good as the
2nd order model 2Cs. The parameter values of model 3Cd
are within a reasonable range. However, the value of the
AIC and BIC criteria increases noticeably. Therefore, the
model 3Cd could also be kept for further investigations.
Nevertheless, when analyzing results for the 15-minutes
time interval, the values of the heat capacitances
completely change. The parameters of model 3Cd vary
significantly with the time step which can be considered
as a lack of reliability. The overall conclusion regarding
3rd order models is that none of them are completely
satisfactory. Two possible reasons are that the heat
capacitance (Ch) was probably not required for the electric
radiator and the increasing the number of parameters
leads the model to be over-fitting. The 3rd order black-box
model has a fit of 88% on the validation data which is
equivalent to the 2nd order model (2B). The 2B model is
therefore the appropriate order for a linear model of this
building based on the current dataset.
Secondly, the performance of the two standard models is
investigated. The 1st order EN 13790 model has much
better fit compared to the knowledge-based 1st order
model: the NRMSE fitting can reach 71% for the training
dataset but the fitting drops to 37% for the validation
dataset. Accordingly, the RMSE value increases
drastically to 1.509 for the validation dataset. This
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confirms the previous conclusion that one state is not
enough to describe the thermal dynamics of this building.
From the Figure 5, it is very clear that the EN 13790
model can predict the general trend of the indoor air
temperature. However, there are obvious excessive
fluctuations in the indoor temperature prediction. This can
be easily explained. In the EN 13790 model, the heat
emitted by the radiator (Ph) is directly injected in the node
Ti while no capacitance is allocated to this node.
Therefore, the indoor air will immediately respond to the
heat injection of the electric heater (Ph), without delay. It
again proves that only one capacitance is not enough for
capturing all the dynamics of the building. The conclusion
regarding EN 13790 is that it could be a good candidate
for a generic model but it needs to be adapted to capture
the faster thermal dynamics of the air, furniture and the
first centimeters of the walls. For instance, an extension
of the EN13790 model to a 5R2C model has been recently
proposed (Hedegaard, Kristensen, Pedersen, Brun, &
Petersen, 2019) showing much better prediction
performance compared to original EN13790.

Figure 5: Comparison of the simulation performance of
the most representative models

The 2nd order model VDI 6007 has decent fitting results
(i.e. 71% for training and 81% for validation).
Nevertheless, the values of the two heat capacitances and
the overall UA-values are extremely small. These
parameters do not have physical meaning. In conclusion,
the VDI 6007 structure contains many physical
phenomena but is too complicated to be correctly
identified only using indoor air temperature
measurements. This is confirmed by the high AIC and
BIC values evaluated for this model. To be a potential
candidate for a generic model structure, the number of
parameters needs to be decreased to increase the
identifiability of the model (Hedegaard & Petersen, 2017).
Alternatively, additional measurements could be made
inside the building in order to make the model identifiable
(such as wall surface temperature and/or heat flux) (G.
Reynders, Diriken, & Saelens, 2014). However, it is here
assumed that these measurements will not be made
available for all existing residential buildings.

Conclusion and future work
This paper investigates the performance of grey-box
models based on a physical knowledge of the building to
grey-box models using a generic model structure (based
on the building standards EN 13790 and VDI 6007) as
well as black-box models. Their performance is evaluated
on the long-term prediction of the thermal dynamics, here
using a single-family house as a test case (the ZEB Living
Lab). The model identification is based on the
measurement of the indoor air temperature resulting from
the space heating using an electric radiator controlled by
a PRBS. The building was unoccupied during
experiments.
For knowledge-based grey-box models, results show that
the 2nd order model has reasonable parameter estimates
and the prediction error is small (within the range of +/1°C). The prediction performance varies significantly
between the investigated 3rd order models. However, in
all cases, the estimated parameters do not have reasonable
values. In addition, none of the 3rd order models
investigated were able to significantly improve the
prediction performance of the 2nd order model. Therefore,
the 2nd order model is considered as a good candidate for
this test case.
Regarding grey-box models based on standards, results
show that the 1st order EN 13790 model is able to follow
the general evolution of the indoor temperature and
provides meaningful values of the parameters. However,
the simulated temperature has significantly higher
fluctuations directly corresponding to the start and stop
cycles of the electric radiator. As recently proposed by
Hedegaard et al., the EN 13790 is a potential candidate for
a generic model structure but it should be adapted by
adding a state corresponding to the fast dynamics of the
building (< 1h). The 2nd order grey-box model based on
VDI 6007 has good prediction performance, but it
generates parameter estimates that cannot be explained
from a physical point of view. The number of parameters
of this model needs to be reduced to make it identifiable.
In future work, it should be investigated whether this
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simplification can be done without impairing significantly
the model universality.
The 2nd order black-box model shows a good performance
equivalent to the 2nd order grey-box model. Nevertheless,
with black-box models, the physical meaning of the states
is unknown. However, the estimate of the overall heat
transfer coefficient is similar between the 2nd order blackbox and the best grey-box models. It is worth mentioning
that these investigations were performed with highquality input-output data. In addition, experiments
corresponding to the validation data set took place a few
days after the training period. The relative performance of
black-box and grey-box models could be different if these
experimental conditions were not fulfilled. This research
nonetheless suggests that black-box models deserve to be
investigated in detail to create control-oriented model
with a limited knowledge of the building and limited
amount of time.

Box Model Parameter Estimates Intended for The
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Table 2: Results of the grey- and black-box identification using 5 minutes time interval.
Model

1C

2Cs

2C

3Cs

3C

3Csd

3Cd

EN13790

VDI6007

2B

Ce

-

8.032

8.032

8.224

0.303

10.000

7.638

8.451

-

-

1.48*10-7

Ci

7.115

1.366

1.366

1.24*10-7

1.781

2.158

-

-

-

Ch

-

-

-

1.496

6.445

4.822

0.028

-

-

-

Ce1

-

-

-

-

-

-

-

-

1.77*10-5

-

Ce2

-

-

-

-

-

-

-

-

3.49*10-5

Awe

-

3.158

3.158

3.185

3.815

11.806

-

-

1.928

Awi

8.375

4.163

4.163

4.071

5.955

0.186

4.923

9.152

1.656

-

UAtot

0.125

0.115

0.115

0.114

0.117

0.186

0.102

0.125

5.17*10-7

0.114

RMSEt

0.55

0.25

0.25

0.25

0.40

0.27

0.25

0.36

0.28

0.23

RMSEv

1.84

0.49

0.49

0.40

1.33

1.07

0.70

1.51

0.47

0.29

NRMSEt

58%

81%

81%

81%

69%

79%

81%

73%

79%

83%

NRMSEv

23%

79%

79%

83%

44%

55%

71%

37%

81%

88%

AIC

2.847*103

113.4166

115.4166

102.8692

1.775*103

450.2877

177.9489

1.371*103

522.9770

-

BIC
2.869*103
t: training data
v: validation data

157.0543

164.5091

162.8711

1.841*103

504.8349

237.9508

1.414*103

599.3430

-

Table 3: Results of the grey- and black-box identification using 15 minutes time interval.
Model

1C

2Cs

2C

3Cs

3C

3Csd

3Cd

EN13790

VDI6007

2B

Ce
Ci
Ch

7.122
-

8.038
1.346
-

8.038
1.346
-

8.154
2.87*10-5
1.5978

3.481
4.88*10-8
5.1958

10.000
1.764
4.8375

7.802
2.04*10-7
2.2863

8.339
-

-

-

Ce1
Ce2
Awe
Awi
UAtot

8.394
0.125

3.213
4.152
0.115

3.213
4.152
0.115

2.776
4.197
0.113

14.380
1.617
0.108

11.780
0.186

4.893
0.102

8.872
0.124

1.55*10-5
2.38*10-5
2.042
1.511
3.99*10-7

0.114

RMSEt
RMSEv
NRMSEt
NRMSEv
AIC

0.55
1.84
58%
23%
953.9709

0.25
0.51
81%
79%
51.3763

0.25
0.51
81%
79%
53.3763

0.24
0.31
81%
87%
34.8207

0.37
0.79
72%
67%
519.5818

0.27
1.06
79%
56%
163.0977

0.25
0.73
81%
70%
41.9178

0.39
1.45
70%
39%
598.7925

0.28
0.43
79%
82%
201.7279

0.23
0.29
83%
88%
-

BIC
971.3953
t: training data
v: validation data

86.2252

92.5813

82.7379

571.8551

206.6588

93.8350

633.6413

262.7134

-
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Abstract
The demand for supermarkets and centralized shopping
spaces is growing rapidly in India. Reducing the energy
use impact of these buildings is significant from both the
owners as well as global environmental perspectives.
Energy consumption in a typical supermarket is mainly
dominated by HVAC and lighting, which make these
systems the ideal candidates for energy efficiency
opportunities. Indoor thermal comfort is also a key
factor for supermarket designs as the end user spends a
considerable amount of time once inside and peak
occupancies can be high. This paper presents an
approach for meeting end user thermal comfort with
minimum operational energy within the constraints of
capital investments. Simple payback analysis has been
done to select the most optimum strategy in a three-tier
approach to achieve Net Zero Energy Building (NZEB)
goals. Several design recommendations have been
developed into three packages based on energy
efficiency, first cost impact, energy saving, thermal
comfort, and payback. The three packages are:
Package-1: Optimized design (low cost);
Package-2: Enhanced thermal comfort, and
Package-3: Achieving NZEB goals
The simulation results show that Package-1 results in
27% energy savings with a slight improvement in
thermal comfort compared to a typical supermarket
store. Package-2 results in enhanced thermal comfort
along with 30% energy savings. Package-3 saves 34%
energy and provides significantly better thermal
comfort. The cost analysis shows that the capital cost
increased by 32%, 40%, and 63% with a simple payback
period of 1.3 years, 1.4 years and 2.0 years for the three
packages respectively.

Introduction
Supermarkets are amongst the most electricity-intensive
types of commercial buildings, using an average of
about 50 kilowatt-hours (kWh/sqft/yr) of electricity
(Facility Type: Supermarkets & Grocery Stores, 2008).
India is the fifth largest preferred retail destination, and
its retail sector is expected to increase at the compound
annual growth rate of 17% by 2020 (Care Ratings 2017).
Tier-II and Tier-III cities are also catching up with the
metros in terms of demand for supermarkets.

Supermarkets require a design which is not only visually
appealing but comfortable for the customer to spend
longer periods. Energy efficiency is crucial not only
from an economic perspective, but it also enhances the
customer’s overall shopping experience comfort.
Refrigerated goods and walk-in refrigerators pose a
challenge to energy efficiency and comfort. For
example, too much cold air escaping from refrigerated
displays may decrease comfort and increase the cooling
demand. (Timma et.al, 2016). Thus, optimized control
strategies for Heating Ventilation and Air Conditioning
(HVAC) systems are required to achieve acceptable
environmental conditions for customers and optimized
operation of the refrigeration system.
Kampelis et al. (2017), Fanney et al. (2015), and Moran
et al. (2017) found that improved building designs
include enhanced thermal insulation, higher levels of
airtightness, optimized orientation/shape, solar shading,
etc. Studies by Thygesen et al. (2017) and Lu et al.
(2015) mention that adopting energy-efficient lighting
and efficient appliances not only directly reduce the
electricity consumption but also lower the cooling load
imposed on HVAC systems.
Mylona et al. (2018) presented a study demonstrating
the cooling benefits of night ventilation for
supermarkets with high cooling demands. Energy and
environmental data from two stores with a high
percentage of frozen and chilled goods and with
different HVAC systems are presented. It was
documented that night ventilation in combination with a
high building mass has the potential to reduce the
working hours and thus the cooling energy use of the
active cooling system on the following day.
Watcharapongvinij and Therdyothin (2017) performed a
study on VSD installation in refrigeration system for
retail and wholesale buildings. The VSD system needs
to set additional functions to turn off at night or turn off
at no load/demand.
Wu et al. (2018) investigated and compared the energy,
comfort and economic performance of commerciallyavailable HVAC technologies for a residential NZEB.
Heat Recovery Ventilator (HRV) and Energy Recovery
Ventilator (ERV) reduced the HVAC energy by 13.5%
and 17.4% respectively for different ventilation options.
Khan et al. (2015) described the performance and
estimated the energy savings potential of a radiant
cooling system installed in a commercial building in
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India. A comparison of energy consumption indicated
that the radiant system was 17.5% more efficient than a
conventional all-air system.
The literature review indicates that even with advanced
envelope construction, the HVAC system remains
responsible for the largest share of energy use in
buildings. Although prior research has analyzed the
advantages & disadvantages of different HVAC systems
(AlAjmi, 2016), the HVAC options studied were
limited, and the evaluation criteria mainly focused on
energy performance or economic benefit without
considering thermal comfort. Several studies have
demonstrated that radiant cooling, high-efficiency
Variable Refrigerant Flow (VRF) systems, Variable
Speed Drive (VSD) controllers and displacement
ventilation are good strategies to reduce energy
consumption and enhance comfort.
Net Zero Energy Building (NZEB) is a powerful
concept and a key solution to carbon neutrality and the
elimination of fossil fuel use. A building can become a
net zero energy building by minimizing the energy
demand through improved building design, efficient
HVAC systems, smart control technologies, &
encouraging energy-efficient occupant behaviour (Zhou
et al. 2016; Marszal et al., 2011).
This paper presents the results of a multivariate analysis
for optimizing energy use and thermal comfort for a
prototype supermarket design. The research is carried
out using dynamic simulations for the evaluation and the
optimization of building energy performance. The
typical design of a supermarket store was evaluated for
parameters of thermal comfort and energy efficiency to
recommend design strategies. Each design measure
affecting these parameters was analyzed individually as
well as in conjunction with others to evaluate the effect
on annual operational energy costs and thermal comfort.
The approach was aimed at achieving a Net Zero Energy
Building (NZEB) with building-level integration of
renewables. Recommendation have been made based on
a simple payback analysis.

investigate their impact on operating Cost and thermal
comfort. Design recommendations have been made in
three packages based on energy efficiency, capital cost
impact, operating energy cost, thermal comfort, payback
and practicality of operation:
Package-1: Optimized design (low cost);
Package-2: Enhanced thermal comfort, and
Package-3: Achieving NZEB goals
Figure 1 below summarizes the three packages:

Figure 1: Flow chart of design recommendations

Grid-tied Rooftop PV was added to make up for the
deficit in energy savings to bring the building closer to
the Net Zero Energy Building target.

Energy Analysis
Base Case – Prototype Building
Prototype Model for the supermarket store was
developed and modeled in Design-Builder Software.
The prototype store has Back of House (BOH) spaces,
retail spaces and Office/Pantry spaces for store
administration. The retail area has low-temperature
refrigeration storage enclosures for vegetables, fruits
and other perishable items. Figure-2 shows the
prototype model of the store modeled in Design-Builder
software.

Evaluation Approach
Design measures for achieving maximum thermal
comfort and Net Zero Energy goals were analyzed in a
three-tier approach to strategically study the impact of
each measure.
Tier-1: Envelope Optimization – Focuses on strategies
which can be implemented during the early design stage
like envelope, glazing, insulation, shading, radiant
barrier and use of solar PV to reduce the cooling load.
Tier-2: Lighting Reduction – Focuses on design
strategies for lighting schemes. This includes efficient
lighting fixtures etc., which reduce cooling load and
costs.
Tier-3: HVAC Techniques – Focuses on various HVAC
systems and air supply configurations. Efficient
refrigeration techniques were also investigated.
Based on these Tiers; Energy Conservation measures
were analyzed using hourly simulation software to

Figure 2: Prototype model 3-D design

Building parameters for the prototype design are given
in Table-1 below:
Table 1: Prototype supermarket store design parameters
Prototype supermarket store
Area
(Sales+BoH)

4,490 m2

Walls
Envelope

Roof

Up to 3.2 m:
18mm Plaster*2 + 230 mm Brick.
U-value = 1.854 W/m2-K
Above 3.2 m:
50 mm PUF Panel + 2*0.5mm Steel.
U-value = 0.427 W/m2-K
50 mm Glass Wool + 2*0.5mm Steel
U-value = 0.432 W/m2-K
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Lighting
Skylights
HVAC

Sales
Area
2%
SRR

LPD: 6.3 W/m2,
150W/Luminaire
U-value: 3.2 W/m2K
SHGC: 0.5, VLT: 0.4

Retail
and
BOH
Office

Chilled Water System with AHU in
retail and CSUs in BOH.
Chiller efficiency:1.8 ikW/TR
Split Units

Operation

9 AM to 9 PM

Setpoint

26°C

Fresh Air

Per ASHRAE 62.1-2010

A composite climate condition has been selected for
simulation. This Climate type is characterized by high
temperatures and low humidity in Summers, a cold
Winter and high humidity levels during Monsoon. Mean
temperature during Summer midday ranges from 32°C
to 43°C, while Summer nights are between 27°C and
32°C (BEE 2009). The simulation was performed in
Energy Plus using the Design-Builder interface.
Thermal comfort has been analyzed with the help of the
CBE Thermal comfort tool (Tyler et al. 2017) using
ASHRAE Standard-55 Predicted Mean Vote (PMV)
method. (ASHRAE Standard 55, 2010)
Cooling Load and Annual Energy analysis were carried
out for the prototype design and energy conservation
measures models. External climate conditions were
sourced from ISHRAE 2014 for analyzing Cooling
System sizing using the heat balance method
(ASHRAE, 2009) and performing yearly energy
simulation.

Figure 4: Sales area hourly heat gain profile: Prototype design

Tier-1: Envelope Optimization
The Tier-1 approach is to reduce the cooling load by
incorporating efficient building design and construction
as it has the most significant impact on cooling demand.
Simulations have been performed for roof and wall
options to find the optimized design. A summary of the
envelope parameters is given in Table-2.
Table 2: Envelope parameters: Tier-1
Parameters

Walls

Prototype Design

Proposed Design

Up to 3.2 m:
18mm Plaster*2 + 230
mm Brick.

Up to 3.2 m:
100mm PUF panel

U-value = 1.854 W/m2-K

Above 3.2 m:
50 mm PUF Panel +
2*0.5mm Steel.
U-value = 0.427 W/m2-K

Roof

U-value = 0303 W/m2-K

Kept the same due to
constraints of the
supermarket

50 mm Glass Wool +
2*0.5mm Steel

100mm insulation +
2*0.5mm Steel

U-value = 0.432 W/m2-K

U-value = 0.223 W/m2-K

It can be seen from Figure-5 that the contribution of roof
to the overall cooling demand has dropped from 22% to
8%. Due to reduction in envelope loads; the peak load
has shifted towards the evening when there is a higher
consumer footfall (occupant load component has
increased to 41% from 19%)

Figure 3: Prototype model cooling load components

Figure-3 shows coincident peak cooling load for the
baseline prototype design, signifying the major
contribution of the envelope in the peak load.
The analysis shows that there are three significant
components: Roof, fresh air, and occupants which
account for 76% of the total cooling load. The roof alone
contributes around 22% of the entire cooling load,
followed by Walls at 9% and Skylights at 7%.
It can be seen from Figure-4 that the peak load occurs at
3:30 pm. Occupants do not contribute significantly to
peak cooling loads as occupancy peaks in the late
evening hours.

Figure 5: Tier-1 measure - Optimized cooling load

Figure-6 shows that the coincident Peak cooling load in
the optimized design occurs at 5:30PM, as envelope is
shaded and optimized, it does not contribute
significantly to the peak cooling load. Further, fresh air
loads also reduce due to lower ambient temperature at
time of peak load.
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Optimized Case Sales Area heat gain hourly profile
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Figure 6: Sales area hourly heat gain profile: Tier-1

Other parameters which have been analyzed to reduce
the cooling load are correct sizing of loads based on the
heat balance method, loading deck airlock, installation
of solar PV on the rooftop and albedo paint. Table-3
shows the effect of envelope measures on the cooling
load.
Table 3: Cooling Load optimization through the envelope
Parameters

Prototype design case
Sizing based on heat balance
method
Wall, All PUF 100mm
Roof, 100 mm Insulation
Solar PV on Roof
Albedo Paint
Loading deck airlock
Optimized Case: Tier-1

Reduction in
Cooling Load
kWr (TR)

Revised
Cooling Load
kWr (TR)

design, it increases the energy consumption due to
higher heat gains. So, it has been recommended to
remove it from prototype design case and use the area of
skylight to install the rooftop PV.
Lighting fixtures were recommended to improvement of
view in vertical illumination as well. Two lighting
schemes were analyzed to reduce the lighting load and
to improve vertical illuminance on the storage racks.
Table-4 shows lighting scheme options:
Table 4: Lighting scheme options
Lighting initiative

Average Lux Levels
on Vertical Surface
Wattage
Energy consumption
(kWh)
Cost increase (USD)

Prototype

Proposed
Option-1

Proposed
Option-2

150

300

200

150

120

100

2,04,000

1,63,200

136,000

6,322

2,100

20%

33%

4,630

7,590

% Savings
Yearly energy
savings (USD)
Payback (Years)

1.4

0.3
2

548 (156)
42 (12)

506 (144)

21 (6)
38 (11)
35 (10)
17 (5)
14 (4)
167 (48)

485 (138)
447 (127)
412 (117)
395 (112)
381 (108)
381 (108)

Analysis of Tier-1 measures show that increasing roof
insulation to 100mm from 50mm results in cooling load
reduction of 39 kWr (11TR). No significant reduction in
cooling load was observed on further increasing the
insulation above 100mm (the increase in capital cost
was very high). Addition of rooftop PV reduced around
35 kWr (10TR) of cooling load demand due to its
shading effect on the metal roof. These measures
combined into different packages reduced not only the
initial capital cost but also reduced the operational cost
of the store. Utilizing space above refrigeration rooms
for offices can also help in reducing the air volume to be
conditioned. These design strategies coupled with
efficient envelope; and PV shading helps in reducing
cooling load demand by approx. 167 kWr (48TR).

The reduced lighting load of 4.5W/m from the existing
6.3W/m2 subsequently reduce cooling load demand by
7kWr (2TR) as well as the operational costs. Table-5
shows the effect on cooling load by applying various
lighting and daylighting optimization measures.
Table 5: Cooling load optimization through lighting
Initiative

Reduction in
Cooling Load
kWr (TR)

Prototype design case
From Tier-1 approach
Removal of skylights
Efficient lights
Optimized Case: Tier-2

548 (156)
167 (48)
28 (8)
7 (2)
204 (58)

Revised Cooling
Load kWr (TR)

381 (108)
353 (100)
346 (98)
346 (98)

Tier-3: HVAC Techniques
Prototype building simulation results highlighted that
HVAC consumes about 30% of the overall yearly
energy use (Figure-7). Typically, refrigeration in a
supermarket store is second highest parameter of the
total energy usage, which consumes approximately
1/4th energy of the store. (Klemick, Kopits and
Wolverton 2015).

Tier-2: Lighting Reduction
Lighting is considered as one of the most important
parameter in reducing the energy consumption of a
building. (Li and Lam 2001). Also, lighting has
secondary impacts on cooling energy consumption due
to the heat produced by electric lights. Generally,
reducing lighting energy results in increasing heating
and decreasing cooling energy demands of a building
(Shishegar and Boubekri 2017).
Figure 7: Energy end-use breakup of a prototype supermarket
Different strategies have been applied to reduce the
For further reducing operational costs and achieving
lighting load and to increase visual comfort. The
better thermal comfort, Tier-3 measures were analyzed
strategies include the removal of skylights, efficient
for HVAC techniques (VRT technology, efficient waterlights fixture with controls. The prototype system has
cooled chiller, radiant cooling, Demand control
skylights in the design, but according to its current
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ventilation, efficient refrigeration) and air speed control
(displacement ventilation, and HVLS fans).
Prototype design systems were simulated with the
cooling load as well as with optimized cooling load
achieved using Tier-1 measures. Below is the brief
description after applying energy-saving technologies
on the HVAC:
•

•

Variable Refrigerant Temperature (VRT) is a
technology by which energy efficiency can be
improved in part load conditions by increasing the
evaporating temperature in cooling. It was found
32% more efficient than the chiller coupled with
optimized heat loads.
Demand control ventilation has been used and it
showed 16% cooling energy savings.

Efficient Refrigeration
Refrigeration system consumes approximately 24% of
the total Supermarket Energy. In this case, the Energy
consumption of the refrigeration system is optimized
using:
•

Reducing Heat loads through reduced infiltration by
providing strip curtains in the freezer room and strip
curtains near the entrance as the ante room are
removed
• System Design optimization using VFD on both the
LT and MT compressors and using EC motors/fans
on all Evaporators Condensers. This reduces the fan
speed when compressors cycle off. Reducing speed
reduces the heat load from the fans themselves.
• Motion sensors for display cases which operates
lights when someone is near-by.
• MPX-Pro controller gives good defrost management
and better Rail Heater Management.
These strategies can achieve 30% savings over the
prototype design refrigeration system.
Cooling system with the following efficiency figures
(Table-6) were analyzed in this tier:

Figure 8: Temperature distribution of radiant pipe inside the
floor slab

Displacement Ventilation
In the prototype store, cool air from the Air Handling
Unit (AHU) is being supplied from 7m height at 18°C.
It has been simulated with the help of Computational
Fluid Dynamics (CFD) to analyze the temperature
gradient at the occupant level which comes in the range
of 26-27°C. This configuration achieves air speed of
0.1-0.2 m/s at occupant level. Figure-9 and Figure-10
shows the temperature gradient and velocity vector
respectively.

Figure 9: Temperature gradient, Supply duct at 7m

Table 6: Proposed cooling system efficiency
Proposed Cooling System

Efficiency

VRF

ikW/TR: 0.86
COP:
4.10

Efficient Chiller

VFD Water Cooled Screw Chiller
ikW/TR: 0.61 (AHRI conditions)
COP:
5.7 (AHRI conditions)

There are several energy-saving cooling technologies
have been analyzed to optimize the air flow for comfort.
Some of them are explained below:
Radiant Cooling
Coupling of water-cooled chiller with radiant pipes
embedded in the Sales floor area helped to reduce the
floor surface temperature to 21°C. This reduced mean
zone radiant temperature of the space, thereby
improving thermal comfort. Figure-8 shows the
temperature distribution of radiant pipe inside radiant
slab installed at 50mm from the floor and water is
flowing at 16°C.

Figure 10: Air velocity gradient, Supply duct at 7m

Displacement ventilation is an air distribution strategy
where conditioned air is supplied at low velocity from
air supply diffusers located near floor/occupant level
and extracted above the occupied zone. This technique
helps the cooling provided only in the vicinity of the
occupant. In this case, the air has been supplied at 1.5m
above ground level in prototype case and simulated.
Figure-11 shows that the achieved air temperature has
been found in the range of 22-23°C.
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• Optimized envelope
• Displacement cooling
• HVLS fans
With the help of CBE thermal comfort tool (Tyler et al.
2017), Predicted mean vote (PMV) and Predicted
percentage dissatisfied (PPD) has been calculated for
each case. The value of Metabolic rate (MET) and
Clothing value (CLO) have been fixed as 1.7 (walking)
and 0.5 (typical summer) for all cases.
Figure 11: Temperature gradient, Supply duct at 1.5m

This setup of air supply reduces the load by 40TR from
the cooling load. Also, this configuration achieves air
speed of 0.3-0.4 m/s at the occupant level (Figure-12).

Prototype Design Case
In the prototype design store, the simulated peak zone
MRT is found to be 33°C due to high surface
temperature of metal insulated sandwiched panel of
envelope. Figure-13 shows the temperature profile of
the store.
Prototype Store Sub hourly Peak Day Temperature profile
45
40
35
30
25
20
1

Figure 12: Air velocity gradient, Supply at 1.5m

Cooling energy savings over the water-cooled chiller
were compared with more efficient technologies like
VRT, and energy efficient water-cooled chiller. It has
been found that efficient water-cooled chiller operating
with radiant scheme and optimized loads saves around
50% of the cooling energy cost, while the same chiller
with conventional AHUs saves 44% cooling energy with
less increment in capital cost but with less comfort level
than radiant scheme. Table-7 shows the cost savings due
to Tier-3 approach.
Table 7: Cost savings analysis: Tier-3 Approach
Equipment

% Energy
Improvement

Existing Water-cooled
Chiller

Prototype design

Current VRF with
existing heat loads
VRT/VFR Technology
with revised heat loads
Water cooled chiller
with revised heat Load
Water cooled Radiant
with revised heat load

Increase in
Cost (USD)

Savings
(USD)

17%

28,100

6,750

32%

-12,650

12,250

44%

7,025

17,000

50%

26,700

19,500
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Air Temperature °C

Radiant Temperature °C
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Outside Dry-Bulb Temperature °C

Figure 13: Prototype store zone temperature profile

Standard Effective Temperature (SET) has been
calculated considering uniform air temperature of
26.0°C and an air speed of 0.1m/s. SET achieved was
32.6°C with PMV value of 1.6 (Tyler et al. 2017), which
do not comply with ASHRAE standard-55. It has been
calculated that 60% occupants feel uncomfortable in
these conditions.
Optimized Envelope
Using efficient envelope design, simulated peak zone
MRT has been found as 28.6°C, which is 4°C less than
the MRT achieved in prototype design. (Figure-14)
Sub hourly Peak Day Temperature profile
100mm+Solar+High Albedo

45.0
40.0
35.0

30.0
25.0

Thermal Comfort Analysis
Thermal comfort is a cumulative effect resulting from a
series of environmental (air temperature, air velocity,
relative humidity) and personal factors (Clothing,
metabolic heat). (ASHRAE Standard 55, 2010)
For optimal comfort, Mean Radiant Temperature (MRT)
and air speed must be managed. MRT is defined as the
temperature of an imaginary enclosure in which the
radiant heat transfer from the human body is equal to the
radiant heat transfer in the actual non-uniform
enclosure. Lowering the MRT and control over air speed
can be achieved through a combination of:

20.0
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10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

Air Temperature °C

Radiant Temperature °C

Operative Temperature °C

Outside Dry-Bulb Temperature °C

Figure 14: Efficient envelope zone temperature profile

SET using efficient envelope measures, considering
uniform air temperature of 26°C and achieved air speed
of 0.1m/s is 31.3°C, thereby not complying with
ASHRAE standard 55. Achieved PMV was 1.3 while
40% of the occupants feel uncomfortable in these
conditions.
There is a slight variation in MRT has been achieved
with the following design of envelope:
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•

Increasing Roof insulation to 100mm from existing
50mm results in a reduction of 1.3°C in MRT.
• Addition of Rooftop PV further reduced 1°C in zone
MRT.
The cumulative effect of high Albedo paints combined
with Roof insulation and Rooftop PV in reducing Zone
mean radiant temperature was observed to be around
4°C.
Displacement Cooling
Displacement cooling strategy has been analyzed alongwith the optimized envelope. It has been seen from Tier3 approach that it helps reducing the cooling
consumption. It lowers down the SET from 31.3°C to
26.9 °C with an air speed of 0.3 m/s and air temperature
of 23°C. It complies with ASHRAE standard 55. PMV
achieved in this case is 0.29, while only 7 % of the
occupants feel uncomfortable in these conditions.
HVLS Fans
A high-volume low-speed (HVLS) fan is a type of
mechanical fan greater than 2.1m in diameter. HVLS
fans move slowly and distribute large amounts of air at
a low rotational speed. CFD simulation of HVLS fans
has been carried out to find the optimum air flow speed,
which was 0.8m/s at occupant level. SET has been
achieved in this case is 25.9°C, thereby complying with
ASHRAE standard-55. PMV is achieved 0.14 while
only 5% of the occupants feel uncomfortable in these
conditions. Figure-15 shows the comparison of all the
three combination in terms of SET and PMV.

supermarket (BEE, 2017). System efficiency inputs of
proposed cooling systems are summarized below in
Table-9:
Table 9: Best practices design inputs (BEE 2017)
Net Zero model inputs
Water Cooled Chiller
AHU
Cooling Tower
Chilled Water Pumps
(Primary+Secondary)
Condenser Pump
Wall
Roof

Values
0.586 kW/TR (COP 6.0)
Motor Efficiency: IE4, 70%
0.017 kW/kWr
14.9 W/kWr with VFD on secondary
pump, Pump Efficiency: 70 %
14.6 W/kWr, Pump Efficiency: 85 %
U Factor: 0.22 W/m2K
U Factor: 0.20 W/m2K
All exposed roofs (not covered by
solar or other utility) are cool roofs

Cool Roof

Cost analysis has been done to explore the financial
feasibility of net zero energy buildings. The analysis
provided here demonstrates that net zero buildings are a
viable and cost-effective investment, as compared to
prototype building. Table-10 shows the energy
consumption for all the year and load to cater Net zero
building demand.
Table 10: Net Zero feasibility
Proto
type

Optimized
envelope

Enhanced
comfort

Net
Zero

Total kWh/yr

11,55,141

8,41,933

8,07,267

7,65,629

Solar kWh/yr
Remaining kW for
Net Zero
Installed Cooling
kWr (TR)
Energy savings (%)
Additional Solar
required for Net
Zero (kWp)

- 4,05,000

- 6,75,000

- 6,75,000

- 6,75,000

- 7,50,141

- 1,66,933

- 1,32,267

- 90,629

685 (195)

492 (140)

422 (120)

422 (120)

-

27%

30%

34%

355

125

100

65

After full utilization of space available for solar rooftop
PV, additional solar power required to achieve net zero
building is 65 kWp. The potential to meet this additional
demand exists in the store parking area.

Simple Payback Analysis

Figure 15: Comparison of all cases for thermal comfort

Table-8 summarize the input and output parameters for
each option to achieve the desired thermal comfort.
Table 8: Parameters for thermal comfort
Combinations

MRT
(°C)

SET
(°C)

Air speed
(m/s)

PMV

PPD
(%)

Prototype

32.0

32.6

0.1

1.66

59

Optimized
Envelope
Displacement
cooling
HVLS fans

28.6

31.2

0.1

1.30

40

28.6

26.9

0.3

0.29

7

28.6

25.9

0.8

0.14

5

Path to Net Zero
Energy efficiency measures for achieving net zero
design are used from current design best practices for

Efficient Water-cooled Chiller operating with Radiant
scheme and optimized Loads saves around 50% of the
cooling Energy cost with a payback period of 1.4 Years,
while the same chiller with conventional AHUs saves
44% cooling Energy with less increment in Capital Cost
but with less comfort level than Radiant scheme.
Payback analysis has been done for each of the options
with and without considering solar PV. Table-11 shows
the payback analysis for all three cases.
Table 11: Simple payback analysis
Packages

Package-1:
Optimized
Envelope

Package-2:
Enhanced
Comfort

Package-3:
Net Zero

Energy Savings

27%

30%

34%

44,960

54,790

88,511

35,000+19,000

39,050+19,000

43,700+19,000

54,090

58,024

62,660

1.3 / 0.8

1.4 / 0.9

2.0 / 1.4

Good

Better

Best

Additional Capex
(USD)
Opex Savings
(EE+Solar)
(USD/Year)
Total Savings
(USD/Year)
Payback (years)
EE / Solar
Comfort/Quality

*Capex: Capital Expenditure *Opex: Operational Expenditure
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It can be seen form Table-11 that Package-1 gives 27%
energy saving with payback of 1.3 years over prototype
design case. Packages-2 gives 30% energy saving with
slightly higher payback of 1.4 years, while a payback
period of 2-years with energy saving of 34% was
calculated to achieve Net-Zero building.

Conclusion
NZEB research is developing worldwide and represents
a novel multi-disciplinary approach toward building
physics. Minimizing the building energy demand
includes improving building design, integrating a more
efficient HVAC system, using efficient appliances,
smart control technologies, and encouraging energyefficient occupant behaviours. A case for achieving Net
Zero Energy Building (NZEB) goal has been analyzed
with the integration of Renewables within the existing
infrastructure. Design recommendations have been
made into three packages based on energy efficiency,
first cost impact, energy saving, thermal comfort, and
payback which are: 1) Optimized design; 2) enhanced
thermal comfort, and 3) achieving net zero goals.
The simulation results showed that Optimized Case
achieves a 27% cost savings with a slight improvement
in thermal comfort over the prototype design. Enhance
Comfort package provides better thermal comfort with
30% energy savings over the prototype case. Net Zero
case achieves a Net Zero target with over 34% energy
saving along with better thermal comfort in conjunction
with a renewable energy service providing a grid-tied
rooftop PV system.
Cost analysis of proposed systems showed that the
capital cost increased by 32%, 40%, and 63% with a
simple payback period of 1.3 years, 1.4 years and 2.0
years for the three packages respectively.
The current design practice for supermarket is governed
by a desire to reduce first cost. Sometimes; it leads to
inefficient designs and equipment selection. However,
cost-effective NZEB supermarkets are possible with the
right design, selection & operation of HVAC and
lighting systems. There is considerable potential for
improvement in the refrigeration systems as well as
demonstrated by the detailed analysis in this paper.
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Abstract
The Net Zero Energy Buildings (NZEB) are a real
solution to reduce the energy consumption and
greenhouse gas (GHG) emissions generated by the
building sector. Thus, many developed countries have
conducted different studies for the development of public
policies that encourage the implementation of NZEB.
Chile adopted as environmental goal for the coming years
reducing the GHG emissions by 30%, but the instruments
to accomplish them have not been clearly defined. The
NZEB might be a key strategy to reduce the GHG
emissions. However, there are no studies that evaluate the
performance of NZEB in Chile. The aim of this research
is to determine the potential of mid-rise social residential
buildings to reach the NZEB standard in Santiago and La
Serena. In particular, mid-rise social buildings are
selected as representative for this study through the use of
a multi-criteria matrix. The electric consumption of
buildings and photovoltaic production are simulated in
EnergyPlus. The optimizations of the energy efficiency
measures and the configurations of the photovoltaic
systems are carried out in GenOpt. The results show that
mid-rise social residential buildings are very close to
reach the NZEB standard and through the optimized
energy efficiency measures, the electric consumption of
the building is reduced by up to 28%. Therefore, mid-rise
social residential buildings have potential to reach NZEB
standard but other measures must be studied.

Introduction
Multiple evidences confirm that GHG are the main cause
of global warming and the energy sector produces 64% of
global GHG emissions (International Energy Agency,
2010). Building energy consumption currently accounts
for 40% of total energy consumption in the USA and
European Union (Cao, Dai, & Liu, 2016). Specifically,
the residential sector represents approximately 25% of
global energy consumption and 17% of global CO2
emissions (U.S. Energy Information Amministration,
2016). In this scenario, the residential building sector
would have a significant effect on the environment if the
proper measurements and strategies are implemented
(Nejat, Jomehzadeh, Taheri, Gohari, & Muhd, 2015).
A Net Zero Energy Building means a grid connected
building that has a high energy performance and the
annual energy balance between imported energy of the

grid and exported energy produced by on-site renewable
system is zero (EU,2010; Jung, Paiho, Shemeikka,
Lahdelma, & Airaksinen, 2018). NZEB are a realistic
solution for the mitigation of GHG emissions and
reduction of energy use in building sector (Marszal et al.,
2011). Recommendations and strategies to develop NZEB
supported by studies might accelerate its large-scale
implementation (Attia et al., 2017).
Through public policies focused on multiple scales
(international, national and subnational), it is possible to
respond to climate change with measures that promote
NZEB. This needs to be complemented with scientific
studies and different financing options that encourage its
implementation (IPCC, 2014). Instead of using subsidies
for building thermal renovations, how it happens in Chile,
the government would provide subsidies for the
implementation of NZEB (Toleikyte, Kranzl, & Müller,
2018). However, in Chile there are no public policies
towards the development of NZEB, which in part could
be caused by the lack of technical and economic studies
that support them.
The main aim of this study is evaluating the potential of
mid-rise social residential buildings to reach NZEB
standard in two climates of Chile represented by the cities
of Santiago and La Serena. Santiago has a semi-arid
climate (Bsk) and La Serena has a subtropical desert
climate (Bwk).

Methodology
Representative buildings
To select the mid-rise (3-8 storeys) social residential
representative buildings for the study, it starts with a
revision of the building permits granted by the
municipalities from 2012 and onwards for the communes
of Quilicura, Providencia, San Joaquín, Ñuñoa, Pudahuel
and Quinta Normal, which belong to the Metropolitan
Region of Chile. The number of representative buildings
is defined according to the Chilean standard
NCh44Of.2007. The representative buildings are selected
through a multi criteria matrix evaluating different
architectural parameters that are obtained of the
blueprints. In the matrix, the buildings are evaluated by
each parameter and the buildings with the most typical
characteristics are selected as representative. The
parameters that are considered to define the
representativeness are the following:
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Regular geometry (RG)
Built surface (BS)
Window-Wall-Ratio (WWR)
Number of storeys (NS)
Available roof surface (AS)
Number of departments (ND)

A 3D model for each representative building is made in
SketchUp 2018 software in addition to Euclid 0.9.3
extension according to its blueprints. The architecture of
the building is exported in “.idf” format, which is required
for the building energy simulation.
Modelling conditions
Building energy simulations are carried out in EnergyPlus
8.7. The cities considered in the investigation correspond
to La Serena with a subtropical desert climate (Bwk) and
Santiago with a semi-arid climate (Bsk). The weather file
of Santiago is obtained from EnergyPlus website and the
weather file of La Serena is obtained from White Box
Technologies’s data. The envelope of each building is
defined according to the requirements of the future
Chilean standard NTM 011/2 2014. Table 1 shows the
main characteristics defined for the elements of the
envelope.
Table 1: Characteristics of envelope by city
Cities

La
Serena

Santiago

Main characteristics of envelope
-External walls: Concrete walls, 0.2 m thick, EPS
40 mm, U=0.77 W/m2 K
-Roof: Concrete slabs, 0.2 m thick, EPS 80 mm,
U = 0.45 W/m2 K
-Ground floor: Concrete slabs, 0.2 m thick, EPS
10 mm, U = 1.74 W/m2 K
-External windows: Double glazed window (412-4), U = 2.7 W/m2 K, SHGC = 0.75
-Infiltration = 9 ACH @50 Pa (NTM 011/3)
-External walls: Concrete walls, 0.2 m thick, EPS
60 mm, U=0.56 W/m2 K
-Roof: Concrete slabs, 0.2 m thick, EPS 100 mm,
U = 0.37 W/m2 K
-Ground floor: Concrete slabs, 0.2 m thick, EPS
10 mm, U = 1.74 W/m2 K
-External windows: Double glazed window (412-4), U = 2.7 W/m2 K, SHGC = 0.75
-Infiltration = 8 ACH @50 Pa (NTM 011/3)

Schedules, modelling requirements and internal heat
gains are obtained from the New Zealand Standard of
thermal insulation for homes and small buildings
NZS4218:2009. To ensure the thermal comfort of the
occupants, all buildings consider the use of air source heat
pump with a COP of 3 for cooling and 3 for heating
respectively. Table 2 presents the main parameters and
values considered in the building simulation.

Table 2: Parameters of modelling
Category
Temperature control
HVAC systems
Occupants
Home appliances
Lighting
Domestic hot water
Ventilation

Parameters
Heating setpoint temperature: 20°C
Cooling setpoint temperature: 25°C
COP heating system: 3
COP cooling system: 3
Internal heat gain: 3 W/m2
Internal heat gain: 17.38 W/m2
Internal heat gain: 7.12 W/m2
Output temperature: 60 °C
Consumption: 28 liters/day*person
0.5 ACH @4 Pa

All equipment considered in the buildings uses electricity
for its operation. The total electric consumption of each
building is defined as the annual sum for HVAC,
domestic hot water, lighting and home appliances. In this
step, the base case of each building is evaluated and its
electrical consumption is calculated.
Optimization of energy efficiency measures
To reach the NZEB standard, the buildings require high
energy efficiency. In the second step, different energy
efficiency measures are evaluated with the intent to
increase the efficiency of the building. The optimized case
considers the measures that allow to reduce the electric
consumption to a minimum. The optimizations are carried
out in GenOpt, which is a generic optimization software
that allows to find the minimum value for a defined
objective function. The main advantages of using this
program are its successful applications in energy building
simulations, its simple way of coupling with EnergyPlus
and the short periods of time required for optimization.
For this study, a hybrid meta-heuristic algorithm (Particle
Swarm Optimization) and a pattern search algorithm
(Hooke Jeeves) are used to solve the problem. The
objective function is to minimize the electrical
consumption of the building. Equation (1) shows the
objective function considered in the study.
F(x) = EH+ EC+ EA+ EDHW+ EL
(1)
EH: Electricity consumed by heating
EC: Electricity consumed by cooling
EA: Electricity consumed by home appliances
EDHW: Electricity consumed by domestic hot water
EL: Electricity consumed by lighting
GenOpt seeks the minimum electricity consumption of
the building evaluating different combinations of the
measures. The energy efficiency measures considered for
this study are the following: using of different
technologies for lighting and appliances, varing the
SHGC and U-value of the windows, increasing thermal
insulation of the envelope and changing the azimuth of
buildings. For lighting are evaluated three kind of
technologies: incandescent light, compact fluorescent
light and led light. For appliances are considered
conventional appliances and A++ appliances.
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Table 3 shows the range of values of parameters for the
optimizations in both cities, La Serena (LS) and Santiago
(S).

m2. Table 4 shows the multi criteria matrix with the
respective scores according to the position for each
parameter and the total (Sc).

Table 3: Values of parameters for optimizations

Table 4: Multi criteria matrix with assigned scores

Parameters
Thickness EPS
walls (mm)
Thickness EPS
roof (mm)
Thickness EPS
ground floor
(mm)
Azimuth
(degree)
U-value
windows
(W/m2K)
SHGC windows

City
LS
S
LS
S
Both

Initial
40
60
80
100
10

Min
40
60
80
100
10

Max
60
90
120
150
20

Step
10
10
10
10
10

Both

0

0

360

90

Both

2.7

2.7

1.6

0.1

Building
A
B
C
D
E
F
G
H

RG
4
4
3
2
3
2
1
1

BS
4
3
4
3
2
1
2
1

WWR
3
4
4
3
2
1
1
2

NS
4
4
2
1
3
3
2
1

AS
4
2
3
4
3
2
1
1

ND
4
4
3
3
2
2
1
1

Sc
23
21
19
16
15
11
8
7

Figures 1 and 2 presents the 3D models of both buildings
according to their respective blueprints.
Both

0.75

0.05

0.85

0.1

Optimization of the photovoltaic system
This study evaluates the use of photovoltaic panels (PV)
on the roof as source of renewable energy. The objective
of the optimization is to find the minimum area required
by PV to meet the NZEB standard. The azimuth and the
tilt of the panels are optimized to maximize the energy
production; and the available surface for the photovoltaic
system is restricted by the roof surface according to the
building blueprints.
NZEB potential
The NZEB standard is met when there is a net equal to
zero between the energy imported from the grid and the
energy exported by renewable sources. The NZEB
potential is defined according to the equation (2).
NZEB potential =

Energy exported to the grid
Energy imported from the grid

Figure 1: 3D model for building A

*100 (2)

Having a NZEB potential lower than 100% means that
with the surface of photovoltaic panels, restricted to the
maximum of the roof surface, it is not possible to achieve
the NZEB standard, thus more energy is imported than
exported. Having a NZEB potential of 100% means that
the building complies with the NZEB standard.

Results and Discussion
Representative buildings
After the revision of the building permits granted by the
different municipalities considered, 8 mid-rise social
residential buildings are found. According to the NCh44
standard, which defines the representative size of the
sample according to the total, 2 buildings are considered
representative. With the blueprints and building permits
of the 8 buildings, the parameters are calculated to find
the 2 representative buildings that are evaluated in the
next stages. Buildings A and B are the mid-rise social
building representative of the study according to the score
of the multi criteria matrix. A is a five-story building
located in the municipality of San Joaquín with a built
surface of 1262 m2. B is a five-story building located in
the municipality of Quilicura with a built surface of 1102

Figure 2: 3D model for building B
Optimization of building energy performance
For the base cases, the main consumptions in the mid-rise
social residential buildings are home appliances and
domestic hot water. Both categories use approximately
65-70% of the total electricity consumption of the
building. The low consumption of HVAC system in
comparison with the other type of uses is due to the
equipment used for both heating and cooling are of high
efficiency and presents a COP of 3. In La Serena, the base
cases consume 60 – 62 kWh/m2 year; and in Santiago, the
base cases consume 66 – 70 kWh/m2 year.
The following figures present the results of the annual
electricity consumption for the base case building, the
annual electricity consumption of the optimized case and
the percentage of reduction that is achieved with the
optimal energy efficiency measures. Figures 3 and 4
shows the results for La Serena, while Figures 5 and 6
shows the results for Santiago.
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Table 5: Optimum design parameters of building A and B
LS

Figure 3: Electric consumption for building A – La
Serena

Figure 4: Electric consumption for building B – La
Serena

Parameters
Thickness EPS walls (mm)
Thickness EPS roof (mm)
Thickness EPS ground floor
(mm)
Azimuth (degree)
U-value windows (W/m2K)
SHGC windows
Lighting
Home appliances

S

A
60
120
20

B
60
120
20

A
90
150
20

B
90
150
20

0
1.6
0.75
LED
A++

0
1.6
0.85
LED
A++

0
1.6
0.55
LED
A++

0
1.6
0.75
LED
A++

Potential to reach NZEB standard
For all cases, it is observed that the mid-rise social
residential representative buildings do not comply with
the NZEB standard although they have the entire roof
surface used with photovoltaic panels. However, they are
close to achieve this standard. For La Serena and
Santiago, the NZEB potential of these buildings varies
between 91% and 95%. Table 6 shows the potential to
reach NZEB standard for each case and some
characteristics of the photovoltaic system considered.
Table 6: NZEB potential to representative buildings
LS

Figure 5: Electric consumption for building A - Santiago

Available roof surface
(m2)
PV surface (m2)
Tilt angle PV
Energy imported (MWh)
Energy exported (MWh)
NZEB potential (%)

S

A
251

B
220

A
251

B
220

251
0°
55.69
52.2
94

220
0°
50.1
45.75
91

251
0°
62.67
58.39
93

220
0°
53.97
51.18
95

Conclusion

Figure 6: Electric consumption for building B –
Santiago
The annual electricity consumption is reduced between
26.1% and 28.6% in comparison to the base case by using
optimized building energy efficiency strategies. For all
cities, the maximum insulation thicknesses of all the
elements of the envelope are selected. Also, lighting
systems and home appliances with the lowest electricity
consumption, as is the case of LED and A ++ equipment,
respectively. While SHGC of the windows is the only
parameter that varies according to the building and the
city evaluated.
Table 5 shows the parameters of the optimization that
allow reducing electricity consumption to a minimum.

Two mid-rise social residential buildings are selected as
representative for this study. The envelope of the
buildings considers the thermal energy requirements of
the NTM-11 future Chilean standard for residential
buildings. The buildings for the base case (without energy
efficiency measures) consume 60 kWh/m2 /year in La
Serena and 70 kWh/m2 /year in La Santiago. With the
optimized strategies to reduce the electrical consumption
of buildings, the annual electricity consumption of the
base case building is reduced up to 28.6%. The mid-rise
social residential buildings are very close to reach the
NZEB standard through optimized energy efficiency
measures and a photovoltaic system locates on the roof.
Although the climate conditions between the cities
evaluated are different, the NZEB potential of the
representative buildings are quite similar. For the correct
development of public policies that encourage the
implementation of the NZEB, more cities should be
studied due to the diversity of climates throughout Chile.
In order to achieve the NZEB standard, more strategies
should be studied to reduce electricity consumption, such
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as integration of DHW with PV and HVAC, increase the
roof surface, or even evaluate the incorporation of
photovoltaic panels on vertical facades.
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Nomenclature
NZEB

Net Zero Energy Building

RG

Regular geometry

BS

Built surface

WWR

Window Wall Ratio

NS

Number of storeys

AS

Available roof surface

ND

Number of departments

Sc

Total score

LS

La Serena

S

Santiago

PV

Photovoltaic panel

EH

Electricity consumed by heating

EC

Electricity consumed by cooling

EA
EDHW

Electricity consumed by home appliances
Electricity consumed by domestic hot
water

EL

Electricity consumed by lighting
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Abstract
st

Rapid global urbanisation in 21 century results in cities
consuming vast resources but also offering unique
opportunities for more integrated and circular resource
management. This work investigates potential benefits of
urban agriculture and buildings integration through a
demonstrator building (ICTA).
Actual building and integrated Rooftop Greenhouse
(iRTG) data demonstrate wide thermal profiles across
ICTA six levels and the potential for heat exchange within
the building. Calibrated model monthly results indicate
reduced building heating needs resulting from iRTG
inclusion. However, more modest GSHP electrical
cooling reductions resulting from plant transpiration
showed reversing potential which requires more in-depth
analysis of underlying principles.

Introduction
The importance of reducing energy consumption in
buildings and its corresponding environmental impacts
are a top priority for international community and one of
the main EU policy and research priorities. The building
sector is the main user of the world’s energy supply and
in Europe is responsible for nearly 40% of the total energy
usage and 36% of the carbon emissions (European Union
2010; Environment Programme 2007). This has resulted
in a wide range of global initiatives to reduce building
energy consumption that in Europe finds legal mandates
in a range of directives designed to encourage member
states to deliver carbon emission reductions and building
energy efficiencies. Among others, the 2010 Energy
Performance of Buildings Directive and the 2012 and
2018 Energy Efficiency Directive are the EU's main
legislative instruments (European Union 2010);
(European Union 2012); (European Union 2018)).
Improving energy efficiency and performance in
buildings are also notably important in reducing
operational cost which in light of rapidly increasing
energy prices are gaining greater momentum (European
Political Strategy Center 2018). Different authors report
according to (Popescu et al. 2012) that in Europe, energyefficient saving measures in residential buildings have an
increased willingness to pay economic value of 3% to
13% of the standard prize.

Increased urbanisation is another inevitable trend.
According to United Nations, urban populations are
projected increase from 30% in 1950 with projections of
up to 68% by 2050 (Population Division 2018). For this
reason, cities will continue putting more demand on
resources that are often sourced from rural areas resulting
in carbon-intensive transportation of goods as a side
effect. The relationship between demand and supply of all
type of resources require a more integrated approach, with
potentially large benefits resulting from connecting
independent production systems.
Similarly, the rising population and increasing value of
land has moved agricultural systems away from city
boundaries. Counter to this movement is the science and
practice of urban agriculture that assesses the integration
of civic life with different forms of urban agriculture; such
as gardens and allotments, and in particular, in the form
of building integrated rooftop greenhouses. Other
integrated approaches have already been examined in
logistic and industrial parks, whereby considerable
potential was identified in recycling waste (or excess)
heat for other industrial purposes of which greenhouses
are one (Thomas et al. 2017). By the incorporation of
urban agriculture into building form, additional
efficiencies can be derived, where waste heat, humidity
and occupant-generated CO2 can be utilised to create ideal
rooftop conditions for cultivation of plants and in doing
so save the energy that would have originally been
supplied via carbon intensive fossil-fuels (Nadal et al.
2017). Greenhouses are the dominant energy users of the
energy inputs in the food production sector which account
for between 13 and 15% of total energy usage in
developed countries (Nadal et al. 2017; Wallgren & Höjer
2009). Moreover, this sector is expected to rise due to the
increasing worldwide population by nearly 60% in 2050
(Population Division 2018). On the other hand, with
proper design, operation and monitoring, greenhouses
offer a more controlled environment and resilience to
climate factors, enable suitable productivity and can
prolong the growth season to full annual cycles. Thus,
they have the potential to satisfy much of the growing
demand (Piorr et al. 2018).
Considering the energy-intensive nature of both buildings
and agriculture, the integrated rooftop greenhouse (iRTG)
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concept not only improves overall system energy
efficiency but also brings freshness, locality and
sovereignty into food production. It also creates building
level amenity and education spaces to form greener and
multifunctional cities that are more land- and resourceefficient.
The iRTG concept presented in this study is based on a
real-world demonstration site where a 6-storey office
building is fully integrated with an iRTG. Actual energy
and environmental data across multiple annual cycles is
available to assess the benefits of building integrated
agriculture and also to calibrate an energy model which
provides a set of initial winter and summer time energy
related scenarios. Both actual and calibrated model data
are used to examine the industrial symbiosis between
building climate management and greenhouse
microclimate systems. This outlines the benefits of a
departure from a linear to a circular economy and in doing
so meeting the growing social demand and possible
resource-shortages.
This work presents preliminary results and method
statement. Real monitored data from the building during
2016 and EnergyPlusTM version 9.1 software simulation
results are used to quantify the magnitude of excess
energy that can be recirculated within both building and
iRTG systems and improve energy efficiencies in both
systems. In doing so, and when scaled up across multiple
buildings to district and city scale, it would be possible to
estimate the current and potential resources available in
industrial systems or in cities (in terms of land use,
sunlight spaces, water resources or waste heat) that can be
profitable for other industrial systems.

Method
Case Study Building
ICTA-ICP building (abbreviated to ICTA) is a research,
laboratory and teaching facility located in the
Autonomous University of Barcelona (UAB; Bellaterra
campus). The building comprises of 2 sub-ground levels
(housing parking facilities and palaeontology storage) and
5 levels above the ground, with the fifth one housing four
greenhouses (iRTGs) for food production (measuring 128
m2 each, with currently only two in operation). This
building has been the first real-world demonstrator in
south Europe as a living lab that in addition to the office
and lab space, provides a research platform for urban
agriculture and building-greenhouse synergy. The
building design incorporated a vast amount of recycled
material, grey water recycling, underfloor and roof
heating, displacement ventilation regime assisted by a
double skin façade and internal atrium, and low carbon
heating via geothermal heat pumps. A Supervisory
Control and Data Acquisition (SCADA) intelligent
building automation system enables on-going control
adjustment to reflect changing requirements and
experimental data collection.
The available operational data of the building from its
inauguration in 2015 is used to assess real-world
assessment of multiple iRTGs and thus, quantify waste

energy flows, CO2 and water symbioses of such
demonstrators. Actual high-resolution data also enable the
creation of building models to investigate several energy
related alternative scenarios and possible implementation
around the world.
Data backhaul and model calibration
In the past few years the availability of pervasive sensors
and high-resolution energy consumption data has enabled
the creation of high-fidelity energy models that can enable
a range of energy and environmental analysis including
advanced building control strategies (Royapoor et al.
2018), optimal retrofit solutions and fuel and fabric
optimisation studies (Prada et al. 2018). It was
demonstrated that a building energy model calibrated to
satisfy the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) Guide 14
acceptance criteria could predict annual hourly space air
temperatures with an accuracy of ±1.5 °C for 99.5% and
an accuracy of ±1 °C for 93.2% of the time (Royapoor &
Roskilly 2015).
In order to examine the bi-directional (from and to the
greenhouse) energy benefits of an iRTG, both real data
and calibrated model simulation outputs are required. The
actual data is used to calibrate EnergyPlus model in order
to produce later both energy and environmental results of
the ICTA building with no iRTG and with the roof
structure composition achieving a statutory U-Value of
0.41 W/m2K according to the roof insulative requirements
defined by the Spanish Technical Building Code for the
Barcelona region CTE-DB-HE (Standard 2006). In order
to fulfil these requirements, monthly energy consumption
data is calibrated (see Figure 1) and used to evaluate the
model energy prediction accuracy. These results shall
satisfy ASHRAE Guideline 14-2014 (Guideline 2014).

Figure 1: Calibration rational and annual 2016 data of
the ICTA building energy consumption and temperatures
Control schedules and monitoring tools
There are different zones in the ICTA building defined by
their usage and climatically controlled differently. Thus,
5 control schedules regulate their internal climate
administering heating, cooling and window openings,
defined by each type of internal climate as follows:
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1.

Workspaces
and
offices:
21-23-25ºC
temperature target depending on the season
(winter – intermediate – summer). Users from
offices can regulate these temperatures ± 1.5º C.
2. Laboratories (Levels -2 and 4): 22º and 23ºC
depending on the labs, with heating and cooling
needs and continuous air extraction from 7:30h
to 20:30h. Differential pressure of +10 Pa has to
be maintained due to the laboratory equipment.
3. iRTGs (5th level): unheated / uncooled, only
forced ventilation from level 4 laboratories.
Temperatures vary depending on the season
(from 13 to 32º C on average in 2016).
4. Common spaces: unheated / not cooled.
Temperatures vary depending on the season
(from 11 to 29º C on average in 2016).
The main building automation system responsible for the
working modes, climate controls, windows schedules, etc
is provided by Desigo™ Insight software (Siemens
Building Technologies Ltd) integrated in a SCADA
control panel. In excess of 2000 sensors and actuators
operate the Siemens control system while 340 of these
components produce hourly data that are recorded in a
SQL database since building inauguration. All these tools
are offered to the researchers in order to monitor, alter,
check and control the operating system.
In addition to Siemens system, 85 sensors from a
Campbell data acquisition complements the building data
in the iRTGs and the exterior of the building to measure
air temperature, humidity and global solar radiation every
5sec and record the averages at 10min intervals. Other
logged parameters include air quality, pH and
conductivity of irrigation water, soil moisture, etc. Figure
2 shows the sensors from both Siemens and Campbell
systems that were used to report the results of this work.

The thermal energy that migrates from the ICTA building
to the greenhouse is mainly via natural and forced
ventilation air. Air handling units (AHUs) plant duties, air
flow volumes and discharge temperatures are used to
quantify the amount of forced thermal energy (Qf) that is
injected into iRTG using formulae 1.
𝑄" = 𝑚𝑐& (𝑡) − 𝑡+ )

Where m and cp are the mass flow and specific heat
capacities of air, and ti and te are internal and external
temperatures, respectively. Particularly, these energy
flows have been quantified by calculating the difference
between the hourly average temperature of the
laboratories and the iRTG imposing restrictions of heat
demand only when the following conditions are satisfied:
(i) the iRTG is below 24ºC, according to the researchers
experience and crops necessities; (ii) the lab temperature
is lower than the external temperature (so there is no heat
necessity).
Furthermore, the total ASHRAE Guide 14 considers a
building model calibrated if monthly Mean Bias Error
(MBE) values fall within ±5% and monthly Cumulative
Variance of Round Mean Square Error (CV, RMSE)
values fall below 15%. MBE and CV(RMSE) indices
were deduced over monthly intervals in order to study
variations in this timeframe too. MBE figures provide an
indication of errors averaged to the mean of measured
values but suffer from the cancellation effect.
Greenhouse to building energy flows
The addition of a rooftop greenhouse has the potential to
be an insulating influence in winter months. In summer
months and with a dense coverage of vegetation that
create significant transpiration, a cooling effect can be
ensured when compared to inactive roof surfaces that
absorb and transmit the solar energy into the building
envelope. The transpiration impact of the plants in this
work is an experimental solar radiation-based model
proposed by Bonachela et al. (2006) that uniquely
represents Mediterranean greenhouses as follows:
𝐸𝑇/ = (0.288 + 0.0019 × 𝐽𝐷)𝐺𝑜 × 𝜏
𝐸𝑇/ = (1.339 − 0.00288 × 𝐽𝐷) 𝐺𝑜 × 𝜏

Figure 2: Plan of the ICTA sensors analysed
Building to greenhouse energy flows
The ICTA building, as a function of its thermal mass and
climatically controlled environment has an anchoring
effect on the iRTG. This overall thermal benefit was
demonstrated to be equal to 341.93 kWh/m2/yr in an
earlier work (Nadal et al. 2017).

(1)

(2)
(3)

Expression 2 governs Julian days (JD)≤220 and
expression 3 governs Julian days (JD)>220. ET0 is the
transpiration of a reference crop defined as an extensive
surface of green well-watered grass. Transpiration of
other crops is derived by multiplying reference
transpiration by specific crop coefficients. JD is the Julian
Day number, G0 is the outside solar radiation, and t is the
overall greenhouse transmissivity to solar radiation.
These two expressions form a control logic in EnergyPlus
Energy Management system as an internal gain dependant
on solar irradiance arriving into the greenhouse to
dynamically estimate cooling effect resulting from plant
transpiration. In doing so the calibrated model is used to
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represent total heating and cooling requirements of the
ICTA building in the following two scenarios: (i) ICTA
building with iRTG incorporated; (b) ICTA building
without iRTG and with the roof structure designed to
conform to the statutory thermal resistance value of 0.41
W/m2K.
The probable difference between the two aforementioned
scenarios is the overall benefit derived from iRTG to
ICTA building.

Results and discussion
Calibration results
As noted earlier, a high-fidelity calibrated model is
defined to have the ability to reproduce reliable
environmental and energy predictions which demonstrate
the model capturing sufficient thermo-physical and
operational details. Extensive building design information
and as-built floor plans was used to create the building
geometry in DesignBuilder Software Ltd (version 6.0.1).
Using a version control method, 23 successive model
versions were progressively refined to achieve simulation
results in line with ASHRAE Guide 14 limits. While
HVAC operational schedules, fabric thermophysical
properties and site-specific weather data were kept
consistent throughout, primary plant efficiencies and
internal gains were updated (using EnergyPlus version
8.9) to produce energy and environmental values within
acceptable error margins of monitored data. Figure 3
shows the magnitude of iRTG hourly simulation errors
(simulation subtracted from error) as recommended in
Royapoor (2015) for two weeks (in 2015) that are
representative of winter and summer operational
characteristics (i.e., average season temperatures without
rain episodes or other external influences that can altered
building operation system). The MBE and CV (RMSE)
values for the space temperature prediction accuracies are
2.6% and 11.5% respectively.

Figure 3: Hourly temperature boxplot of simulation
errors across 2 weeks (winter and summer)
Quite clearly despite falling within ASHRAE acceptance
criteria, there are large under and over-predictions values
of 7.3°C and -7.4°C (both occurring in summer months)
that demonstrate the difficulty of reproducing stochastic
behaviours (i.e. window opening operations enacted by
iRTG researchers) in a deterministic model. Note that the

largest errors occur in summertime when stochastic
window opening occurs with greater frequency.
Similarly, Figure 4 represent 2015 measured and
simulated electricity values at monthly intervals that
produce MBE and CV(RMSE) values of 2% and 10%
respectively. While achieving ASHRAE monthly
acceptance criteria of ±5% and <15% for MBE and
CV(RMSE) indices, a progression of this work would be
to attempt and produce acceptance criteria at hourly
intervals that requires capturing the operational
characteristics of the building in a more focused manner.
No particular trend exists in the seasonally related
magnitude of errors, with the maximum under and overpredictions of 1.8% (Dec) and -1.2% (May) which in
summation produces an overall model annual overprediction of 2% (15MWh).

Figure 4: Measured and simulated monthly HVAC
consumption and simulation error
Unidirectional and bidirectional thermal performance
Buildings and greenhouses have different thermal and
operational requirements according to their purpose.
Different flows will be able to be identified by examining
these requirements and its performance: (i) Laboratories
and offices were kept at an average temperature of
22.14ºC and 23.71ºC, respectively, during 2016. Both
also need specific air renovations (greater for labs, to
maintain a +10Pa air pressure) and are naturally ventilated
according to the operation system of the building, which
means, energy flows enriched with CO2 that are spread to
the environment; (ii) Greenhouse climate conditions
varies with crop necessities and according to plant growth
metabolism; 13º - 18ºC should be achieved during night
and 21º - 26ºC during day. The translucent nature of the
rooftop facilitates to achieve target day temperatures,
enhancing the greenhouse effect. Automatic windowopening controls cool down the greenhouse with natural
ventilation when the greenhouse is overheated (>26ºC).
Higher CO2 concentrations also benefits rapid plant
growth.
The physical connectivity of these systems allows
recycling their output flows among the iRTG-ICTA
system (see Figures 5 and 6). In this section, thermal
performance of heat flows is reported from real data
collected during 2016.
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The natural heat flows from iRTG to ICTA building are
as follows:
3. Corresponding to the insulation effect of iRTG and
ICTA building rooftop as a layer of thermal-energy
recovering system due to the greenhouse effect.
During 2016, the rooftop mean temperatures (5th level)
were +1.76ºC compared with the 3rd level, +3.03ºC
respect to the ground level and +6.48ºC respect to the
exterior (see Figures 5, 6 and 7).
Figure 5: Bidirectional heat and cooling flows and their
associated origin within the ICTA – iRTG system. Qh
indicates heat flows and Qc cold flows.
Following, the natural heat and cooling flows from ICTA
building to iRTG are described:
1. Flows recycled from natural ventilation of ICTA
building (see Figures 5 and 6); mainly via 4 atriums
(flow titled ‘1C’, which across the annual cycle is on
average +1.06ºC warmer than the iRTG air
temperature) and the double skin façade (flow 1B, on
average +0.43ºC warmer than iRTG air temperature),
as well as the thermal inertia of the iRTG floor (flow
1A, where slab temperature is +1.07ºC warmer on
average and up to +2.80ºC warmer than the iRTG air
temperature in colder seasons).

Figure 6: Main thermal flow paths
Regarding these flows, it is important to remark that
the architectural connection between the iRTG and the
atriums and the double skin façade can be modified
with a thermal and shading mobile screen that can help
isolate the greenhouse when needed to avoid thermal
loss in winter or overheating in summer.
2. Evapotranspiration of plants and their capabilities to
cool down the environment with the absorbed solar
radiance as noted earlier and expressed in formulae 2
and 3.

Figure 7: Annual exterior and interior ICTA building
temperatures (2016)
The following points describe the forced heat and cooling
flows via air handling units (AHUs) from ICTA building
to the iRTG:
4. Exhaust air from laboratories to heat the iRTG when
needed. During 2016, in colder periods and outside
daylight times (18h to 8h), the annual average
temperature in the labs was +4.58ºC compared with
the iRTG temperature (see Figures 5 and 6).
Considering that 10% of nominal flow extraction of
11,000 m3/h from the AHUs of the South-East façade
can be delivered to the SE-iRTG, 7MWh or 55
kWh/m2 of annual heat flows are obtained. In 2015,
2.2 MWh or 17 kWh/m2 of annual heat flows were
obtained from June to December. No building
temperature registers were stored before.
5. Air renovation from offices, potentially used to heat
the iRTG when needed. Comparing again the mean
temperature of 2016 from 18h to 8h, offices are
+6.00ºC hotter and thus, have the potential to heat the
iRTG (see Figures 5, 6 and 8).
6, 7. Air renovation from labs and offices, potentially used
to cool down the iRTG when needed. Cooler iRTG
temperatures compared with the exterior have been
obtained during its operation in intermediate seasons
(March – June). This will be deeply investigated in
further research.
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avoid excessive temperature swings due to the critical
nature of lab and iRTG operations. Simulation results
principally point to a larger heating-related saving with an
annual total of 16.3 MWhe (corresponding to 31.9
kWhe/m2/yr) of reduced annual heating-related GSHP
electrical duty resulting from the additional thermal
buffeting effect of the iRTG. While simulated cooling
benefit of the iRTG remains much smaller (1381 kWhe
annually corresponding to 2.7 kWhe/m2/yr of reduced
cooling duty). The simulation results indicate a
consistently beneficial heating related impact of iRTG,
yet the cooling-driven benefits of iRTG are reflected in
spring and summer months only, with a reversed impact
in winter months (Nov-Mar).

Figure 8: Daily average interior temperatures in the
ICTA building (2016)
Simulation results
This section reports the simulation results of the energy
simulation of the calibrated ICTA-iRTG model in order
to quantify the energy benefits of the bidirectional
connection of the greenhouse with the building:
1. From the building to the greenhouse:
For this situation, a simulation analysis was done for the
same iRTG placed on the ground instead of being in the
ICTA building. By heating this freestanding greenhouse
to maintain the same temperature obtained in the
integrated ICTA’s iRTG, 341.93 kWh/m2 where needed
on average for 2015 year simulation (Nadal et al. 2017).
Thus, this can be understood as recovered energy flows
from the building which would be lost without the iRTG
insulation effect (see Figure 9), so extra 43.78 MWh could
be needed annually.

Figure 10: Heating and cooling simulated loads for the
ICTA and the ICTA-iRTG systems

Figure 11: Scheme of the heat recovered from the iRTG
to the building

Figure 9: Scheme of the heat recovered from the
building to the iRTG.
2. From the greenhouse to the building:
Figure 10 demonstrates calibrated model simulation
results for ICTA building with and without an iRTG
(using 2015 site-specific weather files). Note that both
heating and cooling demands are administered across the
year as has been the case in the real building in order to

Given that the calibrated model was set up to execute the
cooling effect of solar-radiance driven plant transpiration
(via EnergyPlus EMS control logic), this cooling effect
supersedes the ‘green-house’ effect of iRTG at months
with higher availability of solar irradiance. It is therefore
critical to examine more closely the underlying principles
of cooling due to plant transpiration. The simulated results
suggest that an optimum point exists at which an iRTG
can create an additional cooling duty. At that stage the
greenhouse effect of an iRTG can exceed plant-induced
cooling effect. Generating simulation results at hourly
time steps with segregated heat gains, plant cooling
effects and building cooling load can enable a closer
examination of the cooling dynamics of an iRTG.
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Future work
The EnergyPlus model fidelity will be further studied by
(i) examining the temperature prediction accuracy of the
model in a number of nominated spaces within the
building and (ii) using hourly energy consumption data to
calibrate the model. The dynamics of plant transpiration
and the magnitude of its resultant cooling will be
examined separately across the annual cycle and at hourly
intervals to more adequately capture its time and
irradiance dependencies.

Conclusion
Reducing energy needs in buildings are a key driver to
decarbonise cities and the wider economy and a main
component in trying to achieve the upcoming
sustainability challenges. This work attempted to
illustrate the possibilities of integrating urban agriculture
into the building form using ICTA building as a realworld demonstrator. Actual 2016 data illustrated an
injection of 55 kWh/m2/yr of forced-ventilation heat into
the building’s integrated rooftop greenhouse (iRTG). A
calibrated model capable of reproducing hourly
temperature and monthly energy consumption data to
ASHRAE acceptance criteria was used to quantify the bidirectional energy symbiosis between ICTA building and
iRTG. Using 2015 weather data, the simulation results
indicate iRTG has recovered an equivalent of
341.93kWh/m2/year of thermal energy from the ICTA
building, while the additional insulating impact of the
iRTG has been equal to 31.9 kWh/m2/year of thermal
energy. However, the potential cooling impact of iRTG
via plant transpiration requires more in-depth
investigation of the dynamic causes involved in order to
fully quantify both heating and cooling benefits of iRTG.
It has also to be pointed out that the case study presented
here is an approach to improve building’s envelope
characteristics for both new and existing building stock by
gaining thermal insulation and passive solar energy.
Moreover, the results presented are in basis of
Mediterranean weather climate and thus, the iRTG
concept can be also replicable in other regions of the
world: USA west coast, South of Chile or some African
or Australian regions. Real world demonstrators are
needed in the future to further investigate, quantify and
proof the multiple benefits of iRTGs and their role to
create low-carbon, resilient and sustainable buildings.
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Abstract
Reaching the goal of net-zero carbon consumption is
particularly challenging for existing buildings. Calibrated
energy simulations, using IES VE and EnergyPlus, of a
portfolio of ten existing commercial buildings in Canada
were used to develop paths to net zero carbon. Emerging
technologies including carbon sequestration, algae
farming, electrochromic glass, predictive controls,
building integrated photovoltaic, and fuel cell
technologies were evaluated for their applicability in
today’s built environment. This paper provides
recommendations and commentary on the available
information, relative impact and economic feasibility of
innovative and new but proven technologies for
evaluation in existing building retrofit simulations.
This research paper is highly relevant to building owners,
and simulation specialists given that in 2030, 75% of our
building stock will consist of buildings in existence today
(ECCC, 2016), while net zero carbon strategies typically
focus on new construction methodologies. Expertise in
recommending and analysing improvement measures for
existing buildings represents an exciting and growing
opportunity for building simulation specialists. This paper
provides detailed and tested recommendations on the
relative utility of emerging technologies for achieving
net-zero carbon and provides comment on the relative
percentage of retrofit budget that was diverted to
innovative and emerging technologies to simulate
maximum potential site carbon reduction.

Introduction
The Government of Canada issued as a federal priority to
significantly reduce greenhouse gas (GHG) emissions in
the country by 2030, as published in the Pan-Canadian
Framework on Clean Growth and Climate Change
(ECCC, 2016), to assist in achieving Canada’s
commitments under the 2015 Paris Agreement. The
document specifically references the importance of
retrofitting existing building stock to improve energy
performance and reduce the associated operating
emissions.
This paper outlines the results of in-depth energy
simulation investigations of design strategies that
substantially reduce the GHG emissions associated with
operating a portfolio of ten existing facilities across
Canada. The portfolio owner specified a primary aim of
achieving carbon neutral operations, with secondary aims

of realizing a positive return on investment (ROI) with a
positive Net Present Value (NPV).

Portfolio Characteristics
Table 1 below summarizes the location in Canada and
gross floor area of each existing building.
Table 1: Summary of Projects Analysed.
Building
Number

City, Province

1
2
3
4
5
6
7
8
9
10

St. John, NB
Shediac, NB
Sydney, NS
Moncton, NB
St. John’s, NL
Bathurst, NB
Amherst, NS
Sudbury, ON
Ottawa, ON
Edmonton, AB

Gross Modelled
Floor Area
m2
12,730
7,553
7,170
13,318
12,484
12,273
4,697
39,156
47,691
19,739

The data in Table 1 demonstrates that each building can
be described as commercial office buildings, all over the
BOMA Canada (2019) definition of Office Building with
floor area greater than 5,000 square feet (465 m2). Each
building is also located in a heating-dominant climate.
The existing buildings investigated reside in ASHRAE
climate zones 6-7, with heating degree days below 18C
ranging from 4500-5120.
Table 2 below outlines the emission intensity of the local
electrical grid for each project at the time of the study,
obtained from the National Inventory Report (ECCC,
2018).
Table 2: Summary of Projects Analysed.
Building
Number

Location

1
2
3
4
5
6
7
8
9
10

St. John, NB
Shediac, NB
Sydney, NS
Moncton, NB
St. John’s, NL
Bathurst, NB
Amherst, NS
Sudbury, ON
Ottawa, ON
Edmonton, AB

GHG intensity of
Electric Grid
[gCO2eq/kWh]
280
280
600
181
32
280
600
40
40
760
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The data in Table 2 indicates that greenhouse gas
emission intensity of the available electricity grid varies
widely between locations. The intensity of the local grid
relative to the intensity of alternative fuel options
available (natural gas, propane, heating oil, district
energy, etc.) will determine whether electrification or fuel
switching is a viable retrofit option for carbon emissions
reductions.

Challenges for Existing Building Carbon
Retrofits
The following challenges of achieving large carbon
savings in existing buildings were identified as significant
during the study.
Energy Sources and GHG Emission Intensity
The emissions generated as part of normal building
operations are dependent on the amount of energy
consumed, but also largely on the greenhouse has
emission intensity of the feed fuel. For example, in
locations with low-intensity electrical grids, converting
the fossil-fuel heating systems to electric-fuelled systems
will result in drastic improvements to efficiency.
However, in locations with high electrical grid emission
intensities, the same retrofit would result in increased
carbon emissions.
In locations with relatively high electrical grid emission
intensities, the largest opportunities for carbon savings
come not from fuel-switching retrofits but instead from
those focused on reducing energy consumption. This is
achieved either through reduced demand on or improved
efficiency of energy consuming systems.
The emission intensity factor and available energy
sources must be considered when analysing potential
retrofit options. These factors are typically beyond the
control of the building owner and can complicate the
retrofit strategy.
Another important factor related to grid carbon intensity
is their dynamic nature. The grid intensity at the time of
a carbon reduction feasibility study or retrofit is not
necessarily indicative of the future carbon intensity. This
can create uncertainty for building owners looking to
invest capital to see long-term carbon reductions.
Envelope Economics
Successfully reducing carbon emissions associated with
building operations is typically achieved through the
reduction of building energy consumption. In a heating
dominated climate, improvements to the thermal
performance of building envelope elements can be a key
factor to reducing energy demand. Building envelope
elements include walls, roofs, windows, doors, and
below-ground insulation.
Upgrades to building envelopes tend to be relatively
costly. This is due to their size, impact on architectural
and structural systems, and product availability. New
construction buildings often struggle to see a reasonable
simple payback period on building envelope upgrades and
this issue is even more pronounced in existing buildings.
Upgrades to existing envelope systems can necessitate

changes to the structural and architectural systems.
Depending on existing systems, this can also mean a
costly demolition period with significant disruption to
building occupants. For these reasons, envelope upgrades
are often undesired and economically unattractive, despite
their potential benefit to carbon reductions.
Other Challenges
A Roadmap for Retrofits in Canada (Canada Green
Building Council, 2017), lists the following additional
challenges to existing building carbon retrofits:
• Building size: buildings over 50,000 ft2 (4,645 m2)
offer less relative potential for carbon reductions due
to system size and operations
• Building age: Older buildings will reflect more
outdated building codes which may not have included
energy efficiency requirements
• Building type: building typologies with process
requirements or extended operating hours are more
likely to emit more carbon as part of operations

Calibration Methodology
The simulated buildings in this study did not have
available metering infrastructure or detailed sub-metering
data, a commonly encountered difficulty with simulating
existing buildings. The ASHRAE Guideline 14 (2014)
provides methods to relate measured energy use to
historical weather conditions and provides tools to
characterize load shapes and account for diversity in
occupant-based energy uses. The guideline also presents
acceptable calibration tolerances based on the type of data
that is available. ASHRAE Guideline 14 was followed to
acceptably simulate the end uses of the studied buildings,
given only the annual billed utility data.
The simulation inputs are listed, separated into static and
dynamic elements. Across the portfolio of buildings, these
were modelled using both the IES VE and EnergyPlus
simulation software.
Static Elements
• Building geometry: As built drawings
• Envelope performance: As built drawings and site
review
• Interior lighting power: Detailed as built take off and
site review
• Exterior lighting power: Existing building
documentation and site review
• Interior equipment loads: calculated based on
occupancy density and on-site equipment review
• Service hot water: Based on occupants and installed
fixtures
• Interior process loads (data rooms, kitchens,
laboratories): As-builts and site review
• Mechanical systems: As-builts, site review, building
operator interviews, and control system review
Dynamic Elements
• Weather File
• Schedules
• Interior Lighting
• Interior Equipment (plugs)
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• Occupants
• Exterior lights
• Elevators
• Service hot water
• HVAC systems heating and cooling set points
• HVAC system schedule
• Infiltration schedule
Calibration Acceptance Criteria
The acceptable level of correlation, in ASHRAE
Guideline 14, between the measured energy use and the
modelled is expressed as a function of the type of data
available. A calibration result based on monthly data
needs to be more closely matched to the measured energy
use than an hourly based comparison to be considered
acceptable. The calibration results are evaluated using the
statistical metrics Mean Bias Error (MBE) and the
Coefficient of Variation of the of mean square error
(CvRMSE).
The mean bias error is calculated by subtracting the
simulated energy consumption from the measured
consumption for all intervals over a given time period.
The differences from each time period are summed and
divided by the sum of the measured consumption over the
same time period. MBE calculation is expressed in
Equation 1.
𝑀𝐵𝐸(%) =

∑𝑃𝑒𝑟𝑖𝑜𝑑(𝑆−𝑀)
∑𝑃𝑒𝑟𝑖𝑜𝑑 𝑀

𝑋 100

(1)

Where:
M is the measured fuel consumption during the interval
S is the simulated fuel consumption during the interval
The Cv(RMSE) is a normalized measure of the variability
between two sets of data. For calibrated simulation
purposes, it is obtained by squaring the difference
between paired data points, summing the squared
differences over each interval through the period, and then
dividing by the number of points, which yields the mean
squared error. The square root of this quantity yields the
RMSE. The Cv(RMSE), is obtained by dividing the
RMSE by the mean of the measured data for the period.
The RMSE for the period is calculated using Equation 2.
𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑 = √∑

(𝑆−𝑀)2

(2)

𝑁

Where:
N are the number of time intervals in the monitoring
period
The mean of the measured data for the period is calculated
using Equation 3.
𝐴𝑝𝑒𝑟𝑖𝑜𝑑 =

∑𝑃𝑒𝑟𝑖𝑜𝑑 𝑀

(3)

𝑁

The Cv(RSME) is calculated using Equation 4.
𝐶𝑣(𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑) =

𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑
𝐴𝑝𝑒𝑟𝑖𝑜𝑑

× 100

(4)

The acceptable calibration tolerances according to
ASHRAE Guideline 14 is listed in Table 3.

Table 3: Acceptable Calibration Tolerances*.
Calibration
Type
Monthly
Hourly

Index
MBEmonth
Cv(RSMEmonth)
MBEmonth

Acceptable
Value
± 5%
15 %
±10%
30%

* Data in this table is taken from Guideline 14-2014, Section 5.3.3.3.10

The calibration procedure is iterative where model inputs
are adjusted, and results are compared to the measured
energy use. Inputs are adjusted systematically until the
model achieves an acceptable calibration tolerance. The
calibration procedure continues until the calibration
accuracy threshold is achieved. Table 4 below lists the
results of this calibration, as reported by MBE and
CvRSME values.
Table 4: Summary of Monthly Calibration Results.
Building
Number

MBE

CvRSME

1
2
3
4
5
6
7
8
9
10

-2.8%
-1.5%
0.9%
-2.4%
-0.5%
3.0%
-3.8%
1.0%
1.0%
-0.4%

7.3%
7.5%
4.0%
8.0%
6.1%
8.6%
14.0%
15.0%
10.0%
10.1%

Meets ASHRAE
Guideline 14
Criteria?
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Conventional Measures for Existing
Building Carbon Retrofits
Once calibrated, a variety of emission reduction measures
(ERMs) were investigated for each project to determine
the ideal bundle to maximize carbon emission reductions
and study their associated energy savings. These measures
can be grouped into six categories as follows:
1. Envelope Improvements
2. Heating and Cooling Improvements
3. Ventilation System Improvements
4. Controls and Operational Improvements
5. Electrical and Lighting Improvements
The list of ERMs tested in each category was generated
by observing the simulated energy end uses for each
building and providing viable retrofit options for the
relevant systems which could improve performance in
existing energy end uses.
Building Envelope Improvements
In this context, the building envelope is defined as the
physical components which separate the conditioned
building space from the exterior envelopment. Retrofits to
the building envelope can either improve thermal
performance or air tightness. The investigated ERMs
included improvements to the following envelope
systems: roofs, walls, windows, doors, air tightness, and
underground insulation.
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Roof improvements typically involve removing the
existing assembly down to substrate and installing a new
insulated roofing system complete with all new flashing
and associated curb/parapet upgrades. The roof
improvement ERMs included in this study range from the
addition of R-40 to R-97.
Wall improvements can also be measured in thermal
resistance (units), however the suitable retrofit options to
improve thermal performance will vary depending on the
existing wall and structural systems. Several of the
investigated buildings are classified as Heritage Status,
further limiting the available methods of improving the
exterior wall thermal performance.
Window improvements are conventionally measured by
their ability to reduce the thermal conductivity of the
window unit (the inverse of thermal resistance). This can
include improvements to their glazing and/or framing
systems.
The thermal performance of door systems is improved by
removing existing doors and replacing them with
thermally broken and insulated products.
Retrofits of roof, wall, window, and door systems can be
designed to improve air tightness of the building
envelope. This reduces air infiltration and exfiltration,
resulting in a lower demand on building conditioning
systems.
Underground insulation along foundation walls and under
floor slabs can reduce thermal bridging and thus heat loss.
These are often disregarded in existing building retrofits
as the underground components are typically difficult to
access once the building has been constructed. This study
included the investigation of underground insulation
measures.
Heating and Cooling System Improvements
All simulated buildings included systems designed to
thermally condition the interior space. Even in cold
climates 6-8, cooling is often necessary to temper outside
air during warm seasons or interior air in conditions with
high internal gains.
Heating and cooling system improvements analysed
included:
• Natural gas boiler upgrades, both condensing (89%+
efficient) and near-condensing (86-89% efficient)
• Upgrades to electric boilers (100% efficient)
• Ground source heat pump systems (COP 3.0+)
• Distributed heat pumps
• Chiller upgrades, including absorption, screw, and
magnetic bearing technologies
Ventilation System Improvements
In cold climates, for much of the year energy is spent on
warming incoming fresh air for distribution to occupants.
In the referenced jurisdictions, all new buildings must
condition to various versions of ASHRAE 62.1 –
Ventilation for Acceptable Indoor Air Quality (ASHRAE,
2013). Some/all of the buildings studied were overventilating due to poor controls, wrong-sized capacities,
operational ease, or system limitations. In the sample set,

the following ventilation system ERMs were simulated to
evaluate their relative impact on performance:
• Changing equipment capacity to provide adequate
outside air without overventilating
• Changing equipment function to enable flexible
ventilation for zones with varied occupancy
• Addition of ventilation control logic such as demand
controlled ventilation (DCV), free cooling, and night
set-back
• Addition of heat recovery technology to pre-heat
incoming ventilation air with exhaust conditioned air
Controls and Operational Improvements
Modern buildings are typically controlled by a building
automation system (BAS) which uses sensors and
schedules to efficiently operate building systems. A
properly designed, installed, and commissioned BAS
system improves comfort, reduces energy use and
operating costs, and allows operators to perform
continuing improvements of comfort and energy
performance. Depending on vintage, existing buildings
can have no BAS system, an outdated BAS system, or
multiple BAS systems which may compete with one
another or not properly interface.
Controls and operational retrofits for carbon reductions
can include:
• Addition of BAS system
• Proper commissioning of BAS system to operate
systems with efficient logic, for example schedule
heat pumps before electric baseboards
• Reset logic for supply air temperature, chilled water,
hot water, and air static pressure
Electrical and Lighting System Improvements
When improving the efficiency of electrical and lighting
systems, it is important to account for the associated
impact on interal gains seen by the space. In cold climates,
a reduction to electrical demand often results in an
associated increase to heating demand. The effect on
internal gains was included in the study.
In the study, the following electrical and lighting system
improvements were simulated to evaluate their relative
impact on performance:
• Reduction in lighting power density
• Retrofit of elevator systems to include regenerative
drive technology

Emerging and Innovative Technologies for
Existing Building Carbon Retrofits
To reach the ambitious goal of carbon neutrality, the
recommended bundle of emission reduction measures
required more than typical retrofit measures. The
following emerging and innovative technologies were
recommended in the studies, following detailed
simulation and financial analysis.
Rooftop Solar Photovoltaic
The integration of rooftop photovoltaic technology (PV)
can offset both the energy and carbon used onsite. The PV
panels convert sunlight (photons) directly into electricity
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(voltage), which is referred to as the PV effect. Solar cells
produce direct current electricity from sunlight which can
be used to power equipment in real-time or to recharge a
battery, in which case the energy can be stored for later
use. Onsite PV panels can also be connected to the grid to
contribute to the energy generation.
There are several types of PV panels, including mono- and
polycrystalline, thin film, string ribbon, amorphous
silicon, cadmium telluride, copper indium gallium
selenide solar cells and building-integrated PV. Each type
of solar cell has its advantages and disadvantages, which
entail ranges of efficiency, efficiency of output per panel
area, cost, waste produced during manufacturing process
etc. The chosen PV technology is polycrystalline silicone,
which may not offer the highest efficiency, but is
considered amongst the more cost-effective solutions.
Newer generation polycrystalline solar cells now have
typical efficiencies is in the range of 13% to 22%.
Ground-Mounted Solar Photovoltaic
Similar to the technology used for roof-mounted solar PV,
ground-mounted solar PV can be used to offset energy
and carbon. These were simulated on all ten projects in
the study. Panels can be mounted to stand-alone
structures, or over existing parking lots. In the latter case,
they have the added benefit of shading cars from snow and
sunlight. Whether a retrofit project should consider
ground-mounted solar PV is largely a factor of available
space for panels. Simulations can be carried out to
determine optimal PV area, row spacing, angle of
inclination, cell temperature, and panel efficiency vs. cost.
Small Scale Tidal Turbine
The addition of a small-scale tidal turbine was
recommended in one project to reach its maximum site
carbon reduction potential. The building is located in
close proximity to a harbour, which experiences
significant tidal conditions, creating the ideal
environment for renewable energy harnessed in the form
of tidal turbines. While technically feasible, initial
investment for small scale tidal turbine systems are quite
high. In the simulated project, the capital required for the
small-scale tidal turbine represented 41% of the overall
carbon retrofit budget.
Battery Systems for Off Grid Storage
Battery storage systems offset electrical peaks, reducing
demand as seen by the electrical grid. They can be
particularly beneficial when paired with solar PV systems
in cases where the solar load shape does not match the
building usage profile. Electrical utility companies in
some areas set a net-metering limit on how much
renewable electricity can be injected into the grid when a
building’s production exceeds consumption.
Battery
storage allows retrofit projects to size solar PV systems to
their available space or demand instead of the limit
imposed by the utility.
Battery storage systems were recommended in nine of the
ten projects. In each case, they were used as a strategy to
overcome net-metering limits set by the local utility.
Building performance analysts must consider whether the

existing building area can accommodate a battery storage
system when recommending solar PV systems.
Ground Source Heat Exchange Systems
Ground source heat pump (GSHP) systems use the earth’s
mass as a thermal reservoir, a heat sink during the summer
and as a heat source during the winter. GHSP systems are
generally more efficient than conventional heating
systems and some cooling systems, although not as
efficient in the best variable speed centrifugal chillers.
A GSHP system is comprised of three major components:
a heat pump, an earth connection system, and an interior
heating and cooling distribution system. The heat pump
transfers the energy between the heating and cooling
distribution system to the earth connection system,
through which the refrigerant in the core of the heat pump
loop undergoes the vapour compression refrigeration
cycle.
Based on modelling, the GSHP systems resulted in
considerable energy and GHG emission savings. The
GSHP system was recommended on eight of the ten
simulated buildings in order to reach their maximum site
potential for carbon reduction. It should be noted that the
low-temperature system can only be recommended in a
building with a well-sealed and insulated building
envelope. In most cases, this ERM was paired with
significant envelope upgrades.
Solar Air Heater
The addition of a solar air pre-heat system was included
on one project. This technology involves adding a heat
absorbing medium that preheats incoming ventilation air,
reducing the heating demand for ventilation air. This
ERM was paired with a rooftop PV system, using the heat
absorbing medium to draw heat away from the PV system.
This provides an additional benefit of reducing the cell
temperature of the PV panels, prolonging their expected
service lives.
Vertical Axis Wind Turbine
Wind turbines use wind power to generate electricity. The
amount of power generated depends on the speed and
direction of the wind, therefor big wind turbines are
equipped with motors that control the yaw and pitch of the
blades. The size and profile of the blades also affect the
amount of power generated.
Combined Heat and Power with Biogas
Combined heat and power ‘cogeneration’ technology uses
a natural gas feed fuel to generate electricity, while also
recovering and using the waste heat from combustion. A
typical generator can achieve efficiency of 32% electric
and 40% thermal generation.
This ERM was recommended on project 10, located in
Alberta. As the greenhouse gas intensity of Alberta’s
electric grid is more than four times higher than that of
combusted natural gas, switching to a natural-gas fired
electricity resulted in carbon emission reductions.

Results
By utilizing the above conventional and innovative or
emerging retrofit measures, the simulated buildings were
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able to achieve the annual carbon emissions listed in
Table 5. These reduced emission levels represent
implementing all available and technically feasible
measures, realizing the maximum site potential for carbon
reductions. A zero value indicates a carbon-neutral retrofit
was achieved, while a negative value indicates a carbonpositive retrofit solution was achieved through excess
generation of renewable energy exported to the local grid.
Table 5: Maximum carbon reduction results by building.
Building
Number

1
2
3
4
5
6
7
8
9
10

Calibrated
Simulation:
tonsCO2eq/year
emitted
11,169
12,192
11,507
19,488
11,787
14,244
14,563
1,061
2,902
6,013

Carbon Retrofit
Simulation:
tonsCO2eq/year
emitted
0
-1
-1
624
-2
0
0
-22
-133
0

While simulated, technically possible, and presented to
the building owners, it should be noted that economic
constraints would likely prevent all retrofit measures from
being implemented. As a marker of economic feasibility,
the net-present value of each of these options was
calculated and presented to the building owners. In each
case, the analysis yielded a significantly negative net
present value over a 25-year period. This is due largely to
low costs of energy and carbon emissions relative to high
capital costs to implement retrofit measures. To align with
the Government of Canada (2016) Pan Canadian Pricing
on Carbon Pollution plan, cost of carbon emissions was
calculated at $10/tonCO2eq at Year 1, increasing evenly to
$50/tonCO2eq at Year 5. Per requirements of the client,
the following escalation rates were used in the analysis:
• Carbon emission costs: 2.0% per year
• Energy costs: 2.0% per year
• Construction and capital costs: 2.5% per year
• Operations and maintenance costs: 1.90% per year
• Discount rate: 2.53%
Table 6 lists the net present value of each of the maximum
carbon reduction options. Net present value provides an
indication of cost to upgrade and operate the new bundle
of measures to achieve maximum carbon reduction
relative to the baseline. Positive NPV indicates a savings
relative to the baseline over 25 years, and conversely a
negative NPV indicates a cost premium relative to the
baseline. For the purposes of this study, the baseline is
represented by the business-as-usual existing building
scenario with upgrades only for equipment and material
lifespan replacement.

Table 6: Net Present Value for Maximum Carbon
Reduction Retrofit over 25 years.
Building
Number
1
2
3
4
5
6
7
8
9
10

Net Present Value
-$12,505,325
-$8,515,710
-$5,824,023
-$9,600,045
-$13,093,542
-$4,213,871
-$2,130,737
-$3,048,046
-$8,644,355
-$47,459,970

Resultant Proportion of Retrofit Budget
Directed to Emerging Technologies
Building performance analysts looking to recommend
emission reduction measures for deep carbon retrofits
should be interested in the relative weighting of
conventional carbon reduction measures versus emerging
or innovative technologies. In particular, building owners
will look to the analyst to provide a reasonable breakdown
of cost. Table 7 lists the total retrofit cost on a per area
basis with the percentage of that cost recommended to be
directed to innovative and emerging measures to achieve
simulated maximum carbon reduction. Also listed is the
relative percentage of carbon reduction provided by the
emerging and innovative technologies simulated in each
of the maximum carbon reduction options. The remaining
contribution is made up of savings from conventional
envelope, HVAC, controls, and lighting measures.
Table 7: Summary of Projects Analysed.
Building
Number

Total
Required
Retrofit
Cost,
$ CAD/m2

Percentage of
cost Directed
to Innovative
and Emerging
Measures

1
2
3
4
5
6
7
8
9
10

$1,792
$2,463
$2,758
$1,734
$1,791
$789
$2,213
$934
$811
$1,852

59%
28%
46%
64%
96%
79%
39%
53%
21%
70%

Percentage
of Carbon
Reduction
Provided by
Emerging
Technologies
29%
95%
72%
76%
94%
53%
46%
81%
67%
75%

Figure 1 shows the percentage of cost directed to
innovative and emerging measures graphically.
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Figure 1: Percentage of Retrofit Cost for Innovative and
Emerging Measures.
On average, to reach maximum site carbon reduction
potential, the percentage of recommended retrofit budget
to be allocated for emerging or innovative technology was
observed to be 56% across the ten simulated projects.
Table 8 lists the emerging and innovative technologies
simulated in each of the maximum carbon reduction
options.
Table 8: Technologies simulated to reach maximum
carbon reductions at each existing building.
Building
Number
1

2

3
4
5
6

7
8
9

10

Emerging Technologies Included in
Maximum Carbon Retrofit Bundle
Seawater heat exchanger, 135 kW solar PV,
885 kW small scale tidal turbine, batteries
for off-grid storage
Ground-source heat exchanger, solar
domestic hot water, 621 kW solar PV,
batteries for off-grid storage
Ground-source heat exchanger, 680 kW
solar PV, batteries for off-grid storage
Ground-source heat exchanger, 1137 kW
solar PV, batteries for off-grid storage
Ground-source heat exchanger, 1769 kW
solar PV, batteries for off-grid storage
Ground-source heat exchanger, 430 kW
solar PV, 103 kW vertical axis windturbines, batteries for off-grid storage
Ground-source heat exchanger, 224 kW
solar PV, batteries for off-grid storage
Ground-source heat exchanger, 1,753 kW
solar PV, batteries for off-grid storage
Ground-source heat exchanger, 250 kW
solar PV with solar air pre-heater, batteries
for off-grid storage
Combined heat and power generation with
carbon capture system, 1,659 kW solar PV

Discussion -Emerging Technologies Not
Included in Maximum Carbon Retrofit
Bundles
The following technologies were analysed for suitability
but ultimately not recommended in the study. They may
be more feasible as technology improves, costs reduce, or
in locations with different climate, energy costs, or
greenhouse gas intensity factors.

Electrochromic Glazing
Electrochromic glazing is able to vary its solar heat gain
coefficient to maximize desired solar heat gain in winter,
while minimizing undesired gains in summer. This is
achieved by applying small amounts of electric current to
an electrochromic film that has been applied to one of the
window lites. Control can be manual or automatically
scheduled through a BAS system.
This technology was not recommended at any of the ten
simulated buildings. Based on modeling, energy and
GHG emission savings were less than 2%. This combined
with the high cost of providing low voltage wiring to all
glazing units made the ERM unfeasible. The advent of
power over ethernet technologies may improve the
economics of electrochromic glazing in the future.
Double Skin Facade
The double skin façade is based on the notion of exterior
walls that respond dynamically to varying ambient
conditions and that can incorporate a range of integrated
sun-shading, natural ventilation, and thermal insulation
devices or strategies. Double glass façades typically
consist of two curtain walls with a space gap of 1 m. The
curtain wall requires operable windows plus needs to be
vented at the top, include for interior catwalk, stairs,
foundation, roof, structure. While this ERM was
simulated to save roughly 7.2% and 10.5% on energy and
GHG emissions, respectively, it was deemed unfeasible
due to its high costs.
Hydrogen Fuel Cell
This analysis considered the inclusion of hydrogen fuel
cells, specifically solid oxide fuel cell (SOFC) systems.
Hydrogen fuel cells are packaged electrochemical
systems that produce electricity by means of oxidizing a
fuel, which in this case is natural gas, to produce
electricity, with heat and water being byproducts.
Hydrogen fuel cells are not a renewable technology and
are typically used are a cost savings measure as electricity
is generally more costly than natural gas. Therefore, they
are understood to be contradictory to the overall goal of
achieving carbon neutrality at the sites analyzed and were
not recommended.
Phase Change Materials
Phase change materials (PCMs) are materials that have
properties allowing for thermal energy storage due to their
ability to store and release latent heat. PCMs generally
change from solid to liquid in order to store or release
heat. When the ambient temperature is high, the PCMs
will change into a liquid state to absorb the latent heat,
whereas when the ambient temperature is low, the PCMs
change into a solid state to release the heat gained in the
liquid phase when the ambient temperature is higher.
However, PCMs do not actually conserve energy or
reduce GHG emissions, their purpose is simply to reduce
the peak space conditioning loads which can result in
savings on electrical costs for customers billed for peak
demand and/or time-of-use. Their lack of impact on
carbon emissions and relevant cost data meant they were
not recommended in the study.
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Biomass (Wood Pellet) Boilers
Biomass boilers were investigated but not recommended
for implementation for carbon retrofits. The storage area
to house wood pellets to heat the building for a week
would be prohibitively large for most of the existing
mechanical rooms. Additionally, the dimensions of each
boiler are typically much larger than similarly sized
natural gas and electric boilers. There are also several
disadvantages such as the requirement for frequent
maintenance.
Sun Tracking Concentrated Solar PV Collector
This ERM was not easily integrated retrofit projects as the
energy and operational costs savings do not reflect better
overall better usage of roof space when compared to
standard roof- or ground-mounted solar PV.
Solar PV Integrated Windows
Solar panel integrated windows would represent an
excellent opportunity to existing building retrofits looking
to upgrade window performance and include on-site
generation capacity. Unfortunately, this technology is
currently not commercially available.
Some integrated systems do exist, however the opaque
photovoltaic generating surface sits between two panes of
glass, blocking light and views. Power blinds function
similarly, embedding a generative strip on blinds
sandwiched by glazing. At the time of the study, no solar
PV integrated window products were deemed acceptable
for implementation.
Stirling Engine
A Stirling engine is a heat engine that operates by cyclic
compression and expansion of air or other gas at different
temperatures. A key advantage of Stirling engines is their
ability to take heat from a wide variety of sources and
convert that heat into electricity. In terms of renewable
sources of heat, this could include a solar reflecting array.
Based on unanswered requests indicating a lack of support
from suppliers, solar integration with a Stirling engine
was not recommended for implementation in the analysis.
Algae Carbon Capture System
The carbon sequestration system addressed is an algae
photobioreactor (PBR) that captures GHG emissions
onsite and converts them into algae-based biofuel. A PBR
offers a controlled environment in a closed system to
enable high productivity of algae (see Pond Technologies
in Ontario). By generating algae, the CO2 in the
atmosphere is captured and oxygen is generated, helping
restore the atmospheric gas balance that’s being upset
using fossil fuels. The ratio of CO2-to-algae production is
roughly 1.8 tons of CO2 to one ton of algae.
The technical feasibility of the algae carbon capture
system depends on available conditioned space and
constant loads to maintain CO2 feedstock. The economic
feasibility of the system depends on the ability to sell
produced algae as a revenue stream to offset annual cost
of operations. Neither of these were deemed favourable
for the ten buildings analysed.

Conclusion
To reach maximum site potential carbon reductions in
existing buildings, capital investment in emerging and
innovative technologies should be considered. Once
conventional retrofit measures for reducing demand and
improving efficiency have been simulated, building
performance analysts should investigate opportunities for
proven but innovative technologies such as solar
photovoltaic, small scale tidal, battery storage systems,
ground source heat exchange, solar air heaters, and
combined heat and power systems. In some existing
buildings and in locations with high emission factor
electrical grids, these measures may prove more cost
effective than traditional demand reduction measures.
The viability of other emerging technologies should be
evaluated for suitability, as their relevance may increase
in the coming years with improved technology and
simulation capabilities. These measures include doubleskin facades, hydrogen fuel cells, phase change materials,
sun-tracking concentrated solar PV collectors, solar PV
integrated windows, Stirling engines, and carbon capture
technologies.
This study focused on the reduction strategies for carbon
emissions associated with the operation of existing
buildings. Embodied carbon and energy were not
considered in this analysis, however parallel studies on
these topics are ongoing using a life-cycle analysis
approach.
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