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Abstract
In this study, it is proposed a heating and hot water system
for a house using the air-based solar collection. The
performance of existing solar heating system is analyzed
by annual simulation and the problems and the effect of
thermal characteristics of the system are investigated due
to change of heat collecting surface, heat storage method,
capacity, building insulation performance and so on.
Furthermore, it presents an improvement plan that
maximizes the effect of the system and the performance
of the system. In particular, this study examined the effect
of solar heat using water bottles that can achieve a large
thermal storage effect at low cost. Simulation results show
that the proposed system reduces annual heating and hot
water load by 17.9% compared to conventional systems.

Introduction
Solar energy is essentially an intermittent, time-dependent
energy source. Due to the nature of the use of solar heat
that only weekly heat can be collected, there is a
difference between the heatable time and the time of
heating load and hot water load. These offsets and
intermittency complicate the use of solar energy. In other
words, heat storage is necessary for effective use of solar
energy.
In the case of the air-based solar heat system, since the
heat capacity of air is small, it is necessary to store the
heat by heat exchange with the material of the large heat
capacity. There are a number of studies that attempt to
solve daily-scale offsets (day-night) and annual-scale
offsets (summer-winter) through various regenerative
methods.
In order to solve the offset of the annual scale, a lot of
costs (for example, a large-scale heat storage tank) is
required, so in this study, a method of compensating the
offset of the daily scale is examined. The daily-scale
offsets are relatively easy to compensate with water tanks
or other short-term storage methods (eg, utilizing the
thermal mass of the building). Recently, there are many
studies that use PCM (Phase Change Material) to store
heat in the form of latent heat. Although the effect has
been proven in many studies, the possibility of applying it
to real houses is unknown due to cost problems. In this
study, it is proposed a heating and hot water system for a
house using air-based solar collection using foundation
concrete and a space between the floor and foundation

(placing plastic bottles with water) as a heat storage
medium.
In order to maximize the performance of the solar heating
system, it is necessary to consider the overall heat balance
of the thermal characteristic change of the whole building
by applying each elemental technology. In this research,
the air-based solar heating system is modeled and the
validity of simulation model examined through
comparison with experiment result. In addition, the
performance of existing solar heating system is analyzed
by annual simulation and the problems and the effect of
thermal characteristics of the system are investigated due
to change of heat collecting surface, heat storage method,
capacity, building insulation performance and so on.
Furthermore, it presents an improvement plan that
maximizes the effect of the system and the performance
of the system.

Simulation conditions
The simulation (ExTLA, Excel-based Thermal Load
Analysis) used in this study is a thermal load calculation
tool developed in the MAE laboratory of the University
of Tokyo (Fukumoto, 2011). It calculates the convergence
of simultaneous equations by Gauss-Seidel method using
circular reference and iterative calculation function of
Microsoft Office Excel. It is a feature of Excel-based
simulation that it is possible to input mathematical
formulas to each cell and to refer to the values of other
cells from users. In the calculation method of ExTLA, it
is adopted that a thermal network calculation in which the
indoor temperature, the room humidity, the surface
temperature of the indoor, the wall body temperature and
so on. The backward difference of finite-difference
methods was applied for the calculation of unsteady-state
thermal conduction of the wall. The calculation is made
in which convection and radiation are separated in the
heat balance of the indoor surface.
An annual simulation was conducted to grasp the
performance of the air-based solar heating system. The
target building is a standard house prescribed by
"Japanese energy saving standard (next generation energy
saving standard)", and the interior space was divided into
a heating space and a non-heating space. In order to secure
the heat collecting area, the roof surface was set as the
south-facing inclined surface, and the inclination angle of
the roof surface and the heat collector was set as the
latitude of Tokyo (35.4°). Also, assuming the surrounding
buildings, we set the solar transmittance of the window to
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zero on the first floor so that there is no solar radiation
acquisition from the window. Fig. 1 and Table 1 show
building information. In this simulation, we were
targeting a standard 4-person family, and assumed
450L/day hot water consumption (corrected M1 mode at
40°C by hot water supply) of Institute for Building
Environment and Energy Conservation (2007).
Non heating area
16.15㎡

19.87㎡

44.72㎡

40.99㎡

Heating area

1st floor

2nd floor

Glass collector
Preliminary collector
1st floor: No direct
solar gain because
of influence of
surrounding
buildings
South

North

Hot water
storage tank
East

collection side piping of the hot water storage tank was
set to 30m and the thermal conductivity was set to 0.267
W/mK, and the heat loss from the pipe to the outside air
was taken into consideration by the previous study. Table
2 shows the simulation condition.
Table 2: Simulation condition.
Weather data

ExpandedAMeDAS standard year (2000)
Tokyo

Heating
setpoint

20 °C

Heating
schedule

7:00-10:00, 12:00-14:00, 16:00-23:00

Collector
inclination
angle

Latitude of Tokyo (35.4°)

Calculation
period

Pre-calculation: January 1st - April 30th
Main calculation: May 1st - April 30th

Time step

1hour

Hot water
consumption

450L/day (40℃)

Internal heat
generation

13.26 kWh/day

Collector area,
air volume

preliminary collector: 45 m2, glass collector:
15 m2
Air flow rate: 780 m3/h

West

Figure 1: Target building.
Table 1: Specification of target building.

Area

Whole floor area: 121.73m2
Heating area of 1st floor: 40.99m2,
Non heating area of 1st floor: 19.87m2
Heating area of 2nd floor: 44.72m2,
Non heating area of 2nd floor: 16.15m2

Volume

328.06m3 (including underfloor space)

Insulation
of each part

Ceiling: glasswool 18K t=210mm
Wall: glasswool 16K t=100mm
Roof: glasswool 32K t=50mm
Basis concrete: Extruded polystyrene foam
t=50mm

Window

Plain double-glazed glass (Uw:
4.65W/m2K)

Overall
coefficient of
heat transfer

UA-value: 0.83W/m2K

Surface heat
transfer rate of
hot water tank

0.70W/m2K (Insulation: 50mm, Thermal
conductivity: 0.036W/mK)

The area ratio of a preliminary collector and a glass
collector was set to 3:1 as preliminary collector 45m2 and
glass collector 15m2. The capacity of the hot water storage
tank was set to 1000L. The tank surface heat transmission
coefficient of 0.7 W/m2K was input assuming a thermal
insulation material of 50mm (Thermal conductivity 0.267
W/mK), and the heat loss was calculated from the
difference between the outside air temperature and the
temperature inside the tank. In addition, the length of heat

Modeling of solar collector
By the calculation model of the air-based solar heat
collector (Udagawa, 2009), the temperature of the heat
medium of the collector and the heat collection intensity
was calculated. As shown in Equations (1) and (2), the
outlet temperature and heat collection intensity of the
collector are calculated from the inlet temperature, the
sol-air temperature, and the coefficient of heat
transmission of the collector. The sol-air temperature
corresponding to the collector is obtained from Equation
(4) and Table 3.
Tfout = Tcole‐(Tcole‐Tfin)exp(‐KcAc/cfGf)
(1)
Qc = cfGf(Tfout‐Tfin) = cfGfεc(Tcole‐Tfin)
(2)
εc = 1‐exp(‐KcAc/cfGf)
(3)
Tcole = kuTcoleu + kdTcoled
(4)
Kcu = Ksufcu , Kcd = Ksdfcd
(5)
fcu = αcWsdb12 +αcWsub22
(6)
fcd = αcWsdb11 +αcWsub21
b11 = (αr + αc + Ksu)/Det , b12 =αr/Det
(7)
b21 = αr(Wsu/Wsd)/Det , b22 = (αrWsu/Wsd + αc + Ksd)/Det
Det = (αrAsu/ Asd + αc + Ksd)(αr + αc + Ksu)‐αr2(Asu/Asd) (8)
here,

Tfout,Tfin：
Tcole：
Kc：
A c：
cf：

Outlet and inlet temperature of collector
[℃]
Sol-air temperature of collector [℃]
Coefficient of heat transmission of the
collector [W/m2K]
Collector area [m2]
Specific heat of air static pressure [J/kgK]
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αr ：
Wsd,Wsu：
Asd, Asu：

Air volume (measurement)
Outlet of preliminary collector (measurement）
Outlet of preliminary collector (simulation)

Heat collection intensity [W]
Efficiency of Heat Exchanger in Collector
[‐]
Convective heat transfer rate on the
collector surface [W/m2K]
Radiation heat transfer rate on the collector
surface [W/m2K]
Width of Collector frontside and backside
(area per unit length) [m]
Area of Collector frontside and backside
[m]

Table 3. Parameters of air-based solar heat collector
calculations.
Ksu Ksd Kc
Glass 1/(ra +
collector 1/αo)
Kcu +
1/rb
Prelimin
Kcd
ary
αo
collector

Tcoleu

Tcoled

SG/Ksu ‐
Rskyc/αo +
To

SG
(τg asu
I)e

Tx
(asu I) e

Tcole
ku =
Kcu/Kc
kd =
Kcd/Kc

here,

ra：

Thermal resistance of the hollow layer
[m2K/W]
Surface heat transfer coefficient [W/m2K]

α o：
rb：
Rskyc：
T o：
Tx：
τg：
asu：
I：

Thermal resistance of surface material
[m2K/W]
Night radiation on the outside surface of the
collector [W/m2]
Outside temperature [℃]
Collector backside temperature [℃]
Glass Transmission [‐]
Absorption rate of solar collector [‐]
Solar Irradiation on surface [W/m2]

In order to examine the accuracy of the calculation model
of the air-based solar heat collector, the outlet temperature
of the collector of the experiment and simulation were
compared under the same condition of the outside
temperature, the inlet temperature, and the air volume. Fig.
2 shows the results for two days from December 19th to
20th 2012, when the preliminary collector area is 3.45m2
and the glass collector area is 1.32m2. Although there is a
slight difference in temperature from the simulation, it is
judged to be influenced by the temperature distribution on
the backside surface of collectors and the measurement
error of each equipment. However, in this study about the
effect on the presence or absence of solar heat collector,
it is considered that the accuracy of the simulation is
sufficient.
Diffuse horizontal irradiance
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Figure 2: Examination of accuracy of air-based solar
collector model (December 19th to 20th, 2012).
Modeling of additional thermal storage (water pack)
In order to examine water packs in the underfloor space
as additional thermal storage, a water pack calculationmodel was created based on the arrangement of the water
packs at the time of the experiment. The method is to
calculate the surface heat flow from the heat balance
calculation-formula by the heat transfer on the surface of
the water pack and the change in the temperature of the
heat collection air, as shown in Equation (9). In addition,
due to the characteristics of water, in order to calculate the
convection by the internal temperature, calculations were
made in three parts: upper, middle, and lower. In order to
consider the temperature-change of the underfloor air due
to heat absorption and heat release to the heat storage
body, a calculation model was prepared by dividing the
underfloor space and water pack (1000 L) into 12 spaces
and 4 water packs. Furthermore, the change in the surface
convective heat transfer coefficient due to the wind speed
was input using the Jürges equation from Equation (10).
The calculation model is shown in Fig. 3. Fig. 4 shows the
pictures of underfloor insulation and additional thermal
storage. The comparison between the calculated result
and the experimental value is shown in Fig. 5. The
underfloor air temperature, the internal temperature of the
water pack, and the air temperature under the water pack
differ by up to 2 °C or less. This difference is based on the
assumption that the air is uniformly distributed in the
simulation, and it is thought that the surface temperature
actually changes according to the air flow. However, the
variation of temperature is similar to the actual case, and
it is considered that there is no problem in the examination
according to the presence or absence of the water pack in
this study.
cρV (dTai /dt) = A × αc × (Tsi – Tai) + cρV (Tai-1 – Tai) (9)
where,

Tsi：
Tai：
Tai-1：
A：
V：
Cp：
αc ：

Surface temperature of thermal storage [℃]
Air temperature [℃]
Inflow air temperature [℃]
Surface area [m2]
Air volume [m3/h]
Specific heat of constant pressure of air [J/kgK]
Convective heat transfer coefficient [W/m2K]

αc ＝ 5.6 + 3.9v.
(10)
where αc is the convective heat transfer coefficient
[W/m2K] and v is the wind velocity [m/s].
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Simulation result of the typical house (non-solar
heating collection)
In order to examine the effect of load reduction by
application of solar thermal system, we first conducted an
annual simulation of a typical house without a heat
collecting system installed. In order to confirm the time
series fluctuation of room temperature and load at a
typical house, we show the result of 5 days of sunny
weather that the solar thermal utilization is possible
during January when the annual outside temperature is
low. Fig. 6 shows the direct solar radiation from January
7th to 11th (5 days) and the direct solar radiation and the
sky solar radiation intensity on the heat collecting surface
(south, inclination angle 35.4°). As shown in Fig. 7, the
temperature in the room during the period (January 7th to
11th) is always lower than the heating set temperature
(20°C) in the first-floor heating room where there is no
solar radiation from the window. The Heating load is
generated by raising the room temperature to 20°C by
auxiliary heating during heating time. On the contrary, in
the second-floor heating room, the room temperature rises
to 20°C or more due to the influence of the solar radiation
from the window during the daytime, but the room
temperature has dropped from the evening when the solar
radiation acquisition disappears and the auxiliary heating
operation is carried out.

230 mm
270 mm
50 mm

Wall insulation

Temperature of 1 m underground
Floor insulation

3,640

Water pack

1,500

Falling duct

N

2,700
Internal temperature of water pack
Air temperature under water pack
Air temperature of underfloor space
6,370

Figure 3: Water pack calculation model concept
diagram.

Figure 4: Pictures of underfloor insulation and
additional thermal storage.
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Figure 6: Weather conditions (January 7th - 11th).
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Figure 5: Evaluation of water pack calculation model
for accuracy (January 28, 2013).
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Figure 7: Room temperature results of a typical house.
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Figure 8: Hot water supply load of typical house.
Fig. 8 shows the hot water supply load by the auxiliary
heat source during the examination period. A load of
8,612W to 9,167W is generated at 21 o'clock when the
usage amount becomes maximum, and a hot water supply
load of about 59.73 MJ per day occurs on January 7th to
11th.
Study on air-based solar heating system
In order to improve the performance of the air-based solar
heat collecting system, we examined the effect of annual
heating and hot water supply load reduction by changing
heat absorption/heat release of the heat collector, heat
storage, and control of heat collection operation control.
Regardless of the angle of the roof surface, the area ratio
of the preliminary collector to the glass heat collector is
set to 3:1 based on the floor area where the minimum area
is secured, and the preliminary collectors 45m2, Glass
collector 15m2 was set. Fig. 9 shows the operation control
of the system. First, the seasons are determined based on
the ambient temperature at 5:00 am, and heating, hot
water supply, indoor circulation, and shutdown are judged
based on room temperature, the outlet temperature of the
collector, the temperature of the underfloor and so on.

the day into the room as shown in Fig. 11. In the case of
the first-floor heating room, the average room
temperature increased from 17.34 °C to 19.44 °C—i.e., by
about 2.1 °C—and the heating load was reduced by 42.5%
from 78.56 MJ per day to 45.21 MJ per day. In the case
of the second-floor heating room, the indoor temperature
increased from 18.4 °C to 19.5 °C and the heating load
decreased by about 18.6% from 50.51 MJ per day to 41.14
MJ per day. It is considered that the effect of reducing the
load on the first floor is larger because the original heat
load of the second floor is not large due to the solar
radiation, and the heated air first flows into the first floor.
At that time, the temperature inside the hot water storage
tank (Fig. 12) according to the hot water storage mode
reaches a maximum of about 35°C.
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Figure 9: Operation control of the air-based solar heat
collecting system.
Fig. 10 shows a conceptual diagram of the air-based solar
heat collecting system to be studied in this research (Choi,
2018). By applying the air-based solar heating system,
room temperature rises by blowing the heated air during

Figure 10: Conceptual diagram of the air-based solar
heat collecting system.
Fig. 13shows the entrance and the exit temperature of the
collector and the heat collection efficiency from January
7th to 11th when the air-based solar heating system is
applied. Fig. 14 shows heat flux due to heat collection of
air-based solar system. In order to increase the heating
load reduction effect of the air-based solar heating system,
it is important not only to improve the performance of the
heat collector but also to increase the heat absorption
performance of the heat storage. The heat storage helps
that overheating in the daytime will not occur and that
room temperature will not decrease by sufficiently
dissipating the absorbed heat at night. In addition, it can
be considered that it is possible to increase the annual
heating and hot water supply load reduction effect by
adjusting the hot water supply control according to the
heating condition. Table 4 shows the load reduction effect
by application of the air-based solar heating system.
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Figure 11: Room temperature results of air-based solar
system.
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Table 4: Load reduction effect by application of the airbased solar heating system.

Supply heat quantity [W]

1F heating load of heating room
1F room temperature of non-heating room
1F room temperature (non-collection)
50,000

12:00

00:00

12:00

00:00

12:00

00:00

12:00

00:00

12:00

Outside temperature

0.5
0.4
0.3
0.2
0.1

-

-

5.67

5.58

5.55

5.39

10.32

Case1

Changing the glass of collector
Existing glass: Solar radiation transmittance 0.88,
U-value 6.0W/m2K
Low-E glass: Solar radiation transmittance 0.74,
U-value 2.7W/m2K

Case2

Case1 + insulation under base concrete

Case3

Case2 + indoor circulation during non-solar heat
collection

Case4

Case3 + additional thermal storage
(20L water packs 3000L)

Case5

Case3 + additional thermal storage
(500ml plastic bottles 3000L)

Heat collection efficiency
Heat collection efficiency [-]

Temperature [o C]

Outlet temperature of collector

15.87

First, the glass of the collector is changed to a Low-E glass
as a method of reducing the heat loss of the solar collector
(case 1). It is thought that although the glass transmittance
is slightly reduced due to the change of the glass, the heat
resistance of the glass is increased and the heat loss to the
atmosphere is reduced. Next, as a method of increasing
the heat radiation amount of the thermal storage, a heat
insulating material is installed below the base concrete
(case 2).
Table 5: Simulation cases of air-based solar heating
system.

Figure 12: Temperature inside hot water storage tank.
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Figure 13: Outlet temperature of collector and heat
collection efficiency.
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This is believed to reduce the loss of heat absorbed in the
base concrete to the ground. In addition, as a method for
releasing the heat from thermal storage, the indoor air is
forcedly convected to increase the heat transfer
coefficient of the surface (case 3). Since the base concrete
has a limited installation area and heat capacity as a
thermal storage, the additional 20L water packs are
installed in the underfloor space to increase the heat
capacity (case 4). In order to enlarge the surface of the
additional thermal storage, the 500ml water bottles are
used instead of 20L (case 5). Table 5 show the simulation
cases.The annual simulation results of the improvement
of the air-based solar heat collection system are shown in
Table 6. For the condition of the buildings, weather data,
and system conditions of this study, 48.3% of heating and
hot water load was reduced annually due to the
application of the conventional air-based solar heat
collection system. Also, by replacing the glass in the
collector with Low-E, it was found that the heating load
of the system can be reduced by about 2.5% compared to
the existing system. Insulation below the base concrete
resulted in a load reduction of about 0.2%. However,
when the additional thermal storage is installed, the
temperature of the underfloor space rises and the effect of
the heat insulation is expected to increase. Lastly, it was
shown that installing 3000L of 500ml plastic bottles with
additional thermal storage can save the annual load up to
66.5% and keep the room temperature constant.
Table 6: Load reduction effect.
1st floor
Heating Heating Hot Load
load of load of water Reducti Avg. Daily
1st floor 2nd floor load on ratio Temp differen
[GJ]
[GJ] [GJ] [%]
[°C] ce [°C]
Non heat
collection
Existing
system

9.72

6.92

15.87

5.67

5.58

5.55 48.3%

20.2

14.6

Case1

5.31

5.49

5.20 50.8%

20.2

14.8

Case2

5.29

5.47

5.18 51.0%

20.2

14.8

Case3

3.62

4.77

5.59 57.0%

20.7

11.1

Case4

3.32

4.59

5.81 57.8%

20.8

10.0

Case5

0.93

2.76

7.30 66.2%

21.8

4.1

Conclusion
As a result, the annual load has reduced by about 17.9%
over the conventional air-based solar collection system. In
this study, the improvement plan including various
improvement factors was examined as a method to
maximize the performance of the solar thermal system.
However, the improvement of the indoor thermal
environment by each factor and the examination of the
load reduction effect are examined in the future.
In this study, the performance of existing air-based solar
heat collection system was evaluated. In addition, an
annual simulation was conducted to examine the
improvement effect for reducing the annual heating load

and the hot water supply load. In order to improve the airbased solar collecting system, the glass of the solar
collector was changed from ordinary glass to Low-E glass
with less heat loss, and thus the effect of increasing the
amount of solar heat collection and reducing the annual
load was examined. In order to increase the amount of
heat releasing by the thermal storage, it was examined to
install insulation at the bottom of the base concrete. It was
investigated the effects of forced circulation (indoor
circulation) of room air and underfloor air to increase the
amount of heat dissipation from the thermal storage
during non-solar heat collection, and additional heat
storage to increase the heat capacity of the floor space. In
this study, improvement proposals that included various
elements were reviewed as methods of maximizing the
performance of solar heating systems.
As suggested in this study, it is shown that the load
reduction effect of air-based solar heating system can
increase by putting low-cost water plastic bottles without
a special system for thermal storage.
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Abstract
This paper investigates the impact of transmittance level
and layout variations of semi-transparent photovoltaics
(STPV) on both energy performance and occupancybased visual and thermal comfort, simulating a reference
office with a fully south-oriented glazed surface. Four
transmittance levels (20, 30, 40, and 50%) were
investigated, first uniformly distributed on the full glazing
(i.e., one specific transmittance for the entire glazing) and
then considered in combination (i.e., with the glazing
divided in equal-height bands with different transmittance
levels). Simulations were conducted in three climatic
conditions: temperate (Geneva), hot-arid (Casablanca),
and cold (Helsinki). Following the proposed energy and
occupancy-based visual and thermal comfort analysis, the
best design option for both Geneva and Helsinki climate
resulted in the 2-level STPV design variation with 50%
visible transmittance on top of the glazing. In Casablanca,
the 1-level design variation with the lowest visible
transmittance (20%) uniformly distributed resulted as the
best choice. This work, besides offering a first exploration
of the relationships between climatic context and STPV
design variations, describes a spatial multi-criteria
analysis method that could be applied for the evaluation
of other glazing technologies.

Introduction
An increasing interest in semi-transparent building
integrated photovoltaics (STPV) has been observed
worldwide due to the system’s ability to provide daylight
access and produce electricity at the same time (Bahaj,
James, and Jentsch, 2008; Rezaei, Shannigrahi, and
Ramakrishna, 2017). This window technology seems
particularly relevant for fully glazed buildings, that only
offer very limited opaque surfaces to apply conventional
building integrated photovoltaics (BIPV), or for high-rise
buildings with a limited roof area. STPV systems are
composed typically of thin-film solar cells that are
relatively small to minimize disturbing contrast but
sufficiently spaced to offer view out and light
transmittance. The electricity production of the system,
linked to an efficiency ranging from 5 to 10%, is inversely
correlated to the degree of transparency of the glazing,
meaning that the highest efficiency corresponds to the
lowest glazing transmittance. The degree of transparency,
besides affecting the energy production, has a direct
impact on indoor visual and thermal conditions as it
influences the visual transmittance and the g-value of the

glazing and therefore also the daylight provision and the
solar heat gains. As a consequence, variations of STPV
transmittance affect simultaneously occupants’ visual and
thermal comfort.
An increasing number of studies have focused on STPV
benefits and performance in the past years, due to an
increasing use of the system in buildings. However,
despite the combined influence on energy performance
and visual and thermal comfort, past studies never
investigated these three factors in combination. Studies,
in fact, either focused on the impact of STPV on energy
performance only (Do, Shin, Baltazar, and Kim, 2017;
Peng et al., 2016; Tian et al., 2018), on visual comfort
only (Kapsis, Dermardiros, and Athienitis, 2015; Schmid
and Uehara, 2017), or on the combination of energy and
visual comfort (Mende, Frontini, and Wienold, 2011;
Olivieri, Caamaño-Martin, Olivieri, and Neila, 2014;
Wong, Shimoda, Nonaka, Inoue, and Mizuno, 2008;
Zhang, 2018). Whenever thermal aspects were
considered, analyses were related to the thermal
properties of the STPV system (e.g., overheating of the
glazing unit - Wong et al., 2008) or to the heat gains due
to the system (Fung and Yang, 2008; Karthick, Kalidasa
Murugavel, and Kalaivani, 2018; Zhang, 2018). To our
knowledge, implications on the thermal comfort of
building occupants have never been investigated. As a
consequence, no studies exist on the impact of STPV on
a combination of energy and comfort requirements, that
would look at the thermal and visual environment of the
room equipped with STPV technologies. In addition,
studies have always focused on a uniform distribution of
the STPV transmittance on the glazing, and have never
considered non-uniform layouts (such as tested for other
types of smart windows, i.e., electrochromic Mardaljevic, Kelly Waskett, and Painter, 2016). This
might be interesting from a design point of view due to
the effect of different layouts on the spatial distribution of
visual and thermal comfort of occupants.
To fill in this gap, the goal of this study is to investigate
the impact of different STPV design variations (in terms
of transmittance level and spatial layouts) on energy
performance, and occupancy-based visual and thermal
comfort. The aim is to determine the best design option,
among those investigated, considering energy and
discomfort indicators, in three different climates:
temperate (Geneva), hot-arid (Casablanca) and cold
(Helsinki). Another goal of the paper is to describe an
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evaluation method for a multi-criteria analysis
(considering energy and both visual and thermal comfort)
applicable for different glazing technologies. The most
relevant part of this evaluation is the calculation of the
discomfort indicator with a comfort evaluation matrix,
examining at the same time different aspects of thermal
and visual comfort rather than considering them as
separate indicators, on the basis of the work proposed by
Ko et al. (2018).

Method
The different STPV design variations were investigated
by means of building simulations of a reference office
room with a south-oriented fully-glazed façade.
Simulations of the same design options were performed
in three different climates: for the temperate climate, the
IWEC weather file (source: U.S Department of Energy’s
website) corresponding to Geneva was used, whereas for
the cold and hot-dry climatic conditions, the IWEC
weather files of Helsinki and Casablanca were selected. A
base case model of the same room with a window with
solar control and external blinds was also investigated, but
only in the temperate climate of Geneva, to compare its
results with those of the best design option in the same
climate.
Simulations were conducted with the Ladybug/Honeybee
(Roudsari and Pak, 2013) interface to EnergyPlus
(building energy and thermal performance) and
Radiance/Daysim (building daylight performance). The
Microclimate Map component was used to calculate the
mean radiant temperature (also considering the shortwave
radiation directly incident on occupants) and the air
temperature, for the consequent calculation of the
predicted mean vote (PMV) for the determination of the
thermal comfort of each occupant. Radiance and Daysim
simulations were run to evaluate the visual comfort of
occupants. The outputs were then analysed with a custom
script in MATLAB programming language to calculate
the energy and discomfort indicators, which were then
used to select the best design variation.
In the following subsections, simulation model,
investigated design variations, and energy and comfort
indicators used for the analysis are described in detail.
Model description
Simulations were conducted for a shoebox model based
on the reference office described by Reinhart et al. (2013),
representing a deep-floor office layout for six occupants
with a south-oriented opening (Figure 1). The model
represents a single zone within a larger building, as all the
walls except the south-oriented one are considered
adiabatic. The WWR chosen for the simulations was
equal to 80%, corresponding to a window height of 2.5 m,
and a window width of 3.25 m (total glazed area of 8.1
m2). The internal room dimensions (3.6 m x 8.2 m x 2.8
m), the material properties (Table 1), and the occupancy
schedule (from 8 AM to 6 PM, from Monday to Friday)
were maintained as in Reinhart et al. (2013) to ensure
comparability.

The heating and cooling set points temperatures were
equal to 20 °C and 24 °C, respectively. The heating set
point temperature was chosen at the lower end of the
temperature range reported in EN 15251 (EN ISO, 2008)
for category II due to the presence of high internal loads
and the risk of overheating. The cooling set point falls in
the comfort range of the same category (EN ISO, 2008).
Setback temperatures were set to 17 °C and 28 °C. An
individual electric light (conventional desk lamp of 13 W)
was supposed for each occupant, switching on whenever
the work plane illuminance was below 300 lux. This type
of operation was chosen instead of a conventional control
based on a single zone to emphasize the occupancy-based
analysis of this study and to be able to calculate the
electric consumption due to lighting under different STPV
design variations. Six computers were supposed to
operate continuously during the occupation hours.
No shading system was considered in the simulations,
except for the base case, which presented external
venetian blinds with movable slats of 10 cm width and a
between-slat distance of 8 cm. The reflectance factor of
the blinds was 0.65. The blinds operated on a two-mode
slat angle (30 and 45 degrees), based on a glare control
operation to maximise the view out. The glazing of the
base case was selected as a solar control glazing with a Uvalue of 1.0 W/(m2K), a g-factor of 0.28, and a visual
transmittance of 0.52.

Figure 1: Schematic representation of the shoebox
model and seating positions used in the simulations
(adapted from Reinhart et al., 2013).
Table 1: Material properties of the model (as in Reinhart
et al., 2013).
Component
External wall (south)
Internal walls
Ceiling

Floor

Properties
U-value= 0.365 W/m2 K
Lambertian diffuser with a 50%
reflectance; adiabatic surface
Lambertian diffuser with an 80%
reflectance; adiabatic surface
(office not under a roof)
Lambertian diffuser with a 20%
reflectance; adiabatic surface

STPV design variations
A total of 14 STPV design variations were considered in
this study, referring to changes of visible transmittance
levels (20, 30, 40, and 50%) and to their spatial
combination on the surface (i.e., the glazing was divided
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in equal-height bands with different transmittance levels).
Figure 2 illustrates the 14 STPV design variations,
grouping them according to the number of transmittance
levels considered in each case (i.e., 1-level, 2-level, or 3level). The first four design variations refer to the visible
transmittance levels uniformly distributed on the full
glazing (i.e., the entire glazing has one specific
transmittance). Six additional design variations consider
the glazing divided into two equal-height stripes,
considering therefore two levels of transmittance. The
combination of two “consecutive” transmittance levels
was not investigated (e.g., 20/30% or 40/50%) to reduce
the number of design variables that would result too close
to each other. As a consequence, the considered 2-level
design variations were: 20/50%, 50/20%, 20/40%,
40/20%, 30/50% and 50/30%. Finally, the last four design
variations consider the combination of three
“consecutive” transmittance levels in a decreasing or
increasing order. Random combinations of transmittance
levels (e.g., 20/50/40% or 50/20/30%) were not
considered in the analysis. The resulting 3-level design
variations were: 40/30/20%, 20/30/40%, 30/40/50%, and
50/40/30%.
The chosen type of thin-film module had a range of visible
transmittance going from 10% to 50%, corresponding to
a linear decrease of the module efficiency (from 10% to
5.6%). As no detailed manufacturer information was
available, we adopted a simplified approach for the
consideration of the solar transmittance and the g-value of
each STPV level, with the two parameters considered
linearly correlated to the visible transmittance. The power
output of the module was calculated according to the
efficiency, and the temperature behaviour of the module
was not considered in the analysis for simplification.
Table 2 describes the properties of each STPV visible
transmittance level used in the analysis.

Figure 2: STPV design variations considered in this
study, according to the number of transmittance levels.
Table 2: STPV transmittance level properties ( the solar
transmittance equals the g-value).
STPV level
STPV 20%
STPV 30%
STPV 40%
STPV 50%

Visible
transmittance
20%
30%
40%
50%

gvalue
0.2
0.3
0.4
0.5

Efficiency
8.9%
7.8%
6.7%
5.6%

Energy and discomfort indicators
The 14 STPV design variations were evaluated in terms
of energy performance and occupancy-based visual and
thermal comfort (i.e., a combined indicator considered for
each of the six occupants). The two indicators (from now
on referred to as energy and discomfort indicators) used
to summarize these evaluations are defined as follows:
Energy indicator: we used the electric energy per m2 floor
area, calculated on the output from the STPV system
subtracted to the energy use due to heating, cooling,
lighting, and appliances. The energy use for heating and
cooling was computed by converting the calculated
energy demand, assuming that the heating and cooling
were provided by systems with an average seasonal COP
of 3, which also includes distribution losses and needed
pumps and controls.
Discomfort indicator: for its calculation, we propose a
comfort evaluation matrix based on the combination of
visual and thermal comfort scores. These scores were
derived using pre-defined visual and thermal thresholds,
calculated for each of the six occupants of the room
(Figure 3). The method is adapted from Ko et al. (2018),
who combined multiple environmental metrics using the
concepts of luminous, thermal and ventilation autonomy
(i.e., with the use of fully-passive heating and cooling) to
define the comfort thresholds, and conducted a spatial
analysis rather than a conventional single-node
evaluation. However, in the present study, the calculation
of the visual and thermal comfort scores differed from that
presented by Ko et al. (2018).
The “thermal comfort score” (TCscore) for each design
variation was calculated on the basis of the PVM results
for each hour and each occupant. For its calculation, a
mechanical system for heating and cooling was modelled
to maintain the temperature within a comfort range in the
room, considered as a single thermal zone (according to
the heating and cooling set points defined in the section
“Model description”). Hourly PMV values were
computed according to the spatial variation in operative
temperature due to shortwave irradiation on the body and
the asymmetric surface temperatures due to the glazing
technology (other PMV inputs: 1.2 met, 1 clo, 0.05 m/s).
The TCscore was considered equal to 0 whenever the PMV
was between -0.5 and +0.5 (so as to consider a Predicted
Percentage of Dissatisfied equal to 10% - Fanger, 1970),
or to 1 whenever the calculated value was outside the
aforementioned comfort limits. With this type of scoring
system, the “directionality” of discomfort was not
considered, meaning that the same score was assigned to
a cold or a warm environment. Following the same
methodology, different scores could be set according to
the preference of occupants.
For the calculation of the “visual comfort score” (VCscore),
only daylight was taken into account. Two criteria were
used: i) daylight availability, and ii) glare. For the daylight
availability, a minimum horizontal illuminance of 300 lux
must be reached to be considered as comfortable,
measured on each workplace position (desk height = 0.8
m). For glare criterion, discomfort and veiling glare
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values were considered: discomfort glare was detected if
the simplified Daylight Glare Probability was larger than
0.4 (simplified DGP- Wienold, 2007). The value was
calculated at the eye level (1.1 m above floor) with a
viewing direction towards the computer screen (parallel
to the facade). The simplified DGP can be applied for this
specific facade since the glazing transmission is rather
high, and the saturation effect is dominating (Jan Wienold
et al., 2019). As veiling glare threshold, a vertical
illuminance on the computer screen of 2000 lux was used
(Schierz, Vandahl, and Schmits, 2012). Like for the
TCscore, the VCscore had a value of 0 whenever the results
fell within the minimum and maximum visual comfort
thresholds, or equal to 1 whenever the values were outside
of the thresholds. Also in this case, the weighting system
was not “directional”, as it assumed the same value
whenever the environment was too dim or glary. This
point is further discussed in the limitations of this study.
The combined visual and thermal comfort score (i.e.,
discomfort score) summed up the aforementioned visual
and thermal comfort scores (Fig. 3). As a result, the
discomfort score was equal to 2 whenever both visual and
thermal comfort scores were outside of comfort
thresholds, to 1 when one of the two was outside of
comfort thresholds, and to 0 when they both were within
comfortable ranges. Figure 3 also illustrates the colour
code that is used in the temporal representation of the
results for each occupant of the best STPV design
variation. In particular, red is used to indicate a too warm
environment, blue too cold, grey thermally comfortable,
while the brightness is used to illustrate the visual comfort
results (i.e., too dim, comfortable, or too bright = glare).
The two indicators were calculated for each hour and each
of the six occupants in the room. To summarize the results
and to be able to compare the different STPV design
options, three average values of the discomfort indicator
calculated over the year (excluding weekends and
holidays) are reported in the following analysis, referring
to the “front”, “middle”, and “back” of the office
(averaging the results of the two occupants in the same
part of the room). The three average values illustrate the
potential inequalities of comfort between the six office
occupants quantitatively. To further summarize this
inequality, a standard deviation of the discomfort score is
also reported for each design variation.
Besides, to illustrate the contribution of thermal and
visual comfort to the discomfort indicator, the Thermal
Discomfort Fraction (TDfraction) is also calculated as:
𝑇𝐷𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = ∑𝑁

∑𝑁
𝑖=1 𝑇𝐶𝑠𝑐𝑜𝑟𝑒,𝑖

𝑖=1 𝑇𝐶𝑠𝑐𝑜𝑟𝑒,𝑖 +𝑉𝐶𝑠𝑐𝑜𝑟𝑒,𝑖

∙ 100 [%]

(1)

The complementary value (100-TDfraction) indicates the
visual discomfort fraction (VDfraction) of the discomfort
indicator.
After the calculation of the energy and discomfort
indicators, the best design option for the selected climate
was chosen according to the following method:

1.

2.

3.

The design variations with the lowest discomfort
score values are retained as they indicate the
most comfortable options;
Of the design variations with the lowest
discomfort score, the one with the smallest
standard deviation is considered as the best
design option, as it indicates a smaller spatial
comfort inequality;
In the case of very similar values, the design
option with the lowest energy indicator is
chosen.

Figure 3: Visual, thermal, and combined comfort score
(i.e., discomfort score) based on predefined comfort
thresholds.

Results and discussion
Results are divided and discussed in three sections. The
first two refer to the simulations performed in the
temperate climate of Geneva: a general evaluation of the
results of the STPV design variations and the selection of
the best design option are presented in the first section.
Then, in the second section, a comparison of the results of
the best design option for the Geneva climate with those
of the base case is reported. Finally, the last section
describes the evaluation of the STPV design variations in
the other two climates, hot-arid and cold, for the
identification of the best STPV design variation.
STPV design variations for the Geneva climate
Table 3 illustrates the discomfort indicator values for the
14 STPV design variations for the front, middle, and back
positions. It also reports the electricity use and
production, and the resulting energy indicator.

________________________________________________________________________________________________
4388
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
Transm
ittance
level

1-level

2-level

3-level

Energy
indicator
(kWh/m2)

Mid
1.44

Back
1.55

Avg
1.30

SD
0.28

Front
69%

Mid
40%

Back
36%

Heat.

Cool.

Light.

20%

Front
0.91

15.2

4.0

11.3

Electricit
y prod.
(kWh/m2
)
17.1

30%

0.86

1.08

1.40

1.11

0.22

69%

46%

33%

14.9

7.4

9.1

14.9

49.5

40%

1.00

0.97

1.42

1.13

0.20

64%

58%

37%

13.8

7.2

7.7

12.8

49.0

50%

1.16

0.85

1.21

1.07

0.16

56%

66%

43%

13.2

9.3

5.8

10.7

50.8

20/50%

0.89

1.18

1.48

1.18

0.24

69%

47%

35%

14.2

6.7

9.6

13.9

49.8

50/20%

0.97

0.88

1.31

1.06

0.19

63%

63%

40%

14.2

6.7

6.7

13.9

46.9

20/40%

0.89

1.32

1.52

1.24

0.26

70%

43%

36%

14.6

5.6

10.5

14.9

48.9

40/20%

0.91

1.02

1.45

1.13

0.23

68%

57%

38%

14.6

5.6

8.1

14.9

46.4

30/50%

0.95

0.97

1.37

1.10

0.19

63%

55%

36%

14.0

8.3

8.0

12.8

50.6

50/30%

1.04

0.84

1.27

1.05

0.18

58%

64%

40%

14.0

8.4

6.5

12.8

49.2

20/30/40%

0.86

1.22

1.46

1.18

0.25

69%

42%

33%

15.1

6.3

10.2

14.9

49.7

30/40/50%

0.96

1.00

1.40

1.12

0.20

65%

54%

36%

14.1

7.2

8.1

12.8

49.8

40/30/20%

0.89

0.99

1.41

1.10

0.23

69%

53%

35%

14.5

7.3

8.2

14.9

48.3

50/40/30%

Discomfort indicator

Design
variation

Energy use (kWh/m2)

TDfraction

46.6

1.04

0.88

1.34

1.09

0.19

62%

64%

39%

13.6

7.9

6.8

12.8

48.6

Base case Geneva

0.64

0.79

1.31

0.91

0.29

85%

51%

26%

14.8

5.2

7.9

0.0

61.1

50/20% Helsinki

1.02

0.77

1.00

0.93

0.12

44%

48%

32%

29.7

4.9

7.4

13.6

61.5

20% Casablanca

0.74

1.00

1.14

0.96

0.16

73%

22%

12%

3.1

20.7

10.2

23.1

44.1

Table 3: Discomfort and energy indicators for the 14 STPV design variations and the base case window simulated with the Geneva
weather file. The last two lines indicate the best design options for Casablanca and Helsinki. The bold results indicate the best design
option for the Geneva climate. Please note that the m2 used as a reference is for all columns the floor area of the investigated space.

In terms of discomfort indicator, it can be observed a
spatial inequality in the room: occupants sitting in the
front were generally the most comfortable as their
discomfort indicator was always the lowest one, except
for the 40%, 50%, 50/20%, 50/30%, and 50/40/30%
cases, for which occupants in the middle of the room
resulted to be in the most comfortable situation. For these
STPV design variations levels, the high visible
transmittance led to a higher visual discomfort of the
occupants sitting in the front, as it can be seen from the
decreased importance of the thermal fraction (TDfraction) and
the consequent increase of the visual one. Occupants
sitting in the back were always the most uncomfortable,
due to visual comfort reasons as TDfraction is lower
compared to that of other occupants.
When two scenarios with similar transmittance levels but
in a reversed order are compared (e.g., 20/50% and
50/20%), it can be seen that the biggest changes occurred
in terms of visual comfort and, consequently, in terms of
lighting energy use, affecting the energy indicator. Due to
the configuration of the room (i.e., deep floor plan with
one window only), STPV design variations with lower
transmittance levels on the top resulted in better comfort
and lower electricity consumption from the grid than the
design variations with the same transmittance levels
positioned in a reversed order.
From the results of Table 3, it is possible to find the best
design options among those investigated for the temperate
climate of Geneva. By looking at the lowest discomfort
indicator in terms of both average and standard deviation,
the design variations with at least one level of the high
visible transmittance (50%) result as the best options.

Among those, the design variations with the visible
transmittance at the top have a lower discomfort indicator.
Moreover, the 1-level and the 2-level options result better
than the 3-level one. The final comparison results,
therefore, between the 50%, 50/20%, and the 50/30%
design variations. The 50/20% led to the lowest energy
consumption from the grid, but it resulted in the highest
spatial comfort inequality, with the highest standard
deviation of discomfort indicator. The 50% had the lowest
standard deviation but not the lowest average comfort
indicator in comparison to the 50/30%, as a higher
increase of the comfort in the back of the room (due to
more light) did not compensate for the decrease of
comfort in the front (due to too much light). Moreover,
the energy from the grid was lower for the 50/30% case
as, even though the energy use was higher in comparison
to that for the 50% case, the production resulted larger. In
conclusion, for the temperate climate of Geneva, the
50/30% design variation resulted in the best design option
in terms of both energy and discomfort indicators.
Comparison with the base case
Figures 4 and 5 illustrate the temporal map of the
occupied hours (excluding weekends and holidays) of the
combined visual and thermal comfort scores for the six
occupants for the best design option (i.e., 50/30%) and the
base case, respectively. From the temporal map, the best
design option seems to lead to too bright visual conditions
for the occupants sitting in the front of the room, in
comparison with the base case. On the other hand, the
base case appears too dim in the back of the room, leading
to visual discomfort of the occupants. The results for the
base case are also indicated in Table 3. As it is possible to

________________________________________________________________________________________________
4389
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
see, the average discomfort indicator is lower for the base
case, showing an overall higher comfort in comparison to
the STPV best design option (i.e., 50/30%). This occurs
as visual comfort above thresholds (i.e., glare) was
usually controlled by the use of blinds, unlikely for the
STPV case.
On the other hand, the comfort inequality is higher for the
base case than for the STPV design option, as people in

the back were much more in discomfort compared to the
occupants in the front. In addition, the energy indicator is
higher for the base case due to a higher lighting
consumption and to a lack of electricity production. The
reduction of electricity consumption from the grid with
the choice of the design option 50/30% in comparison to
the base case is equal to 11.9 kWh/m2 (-19.5%).

Figure 4: Temporal comfort analysis for the six occupants for the 50/30% case (best design option for Geneva).

Figure 5: Temporal comfort analysis for the six occupants (Base case Geneva).
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Evaluation of STPV design variations in different
climates
Table 3 indicates the results for the best case options for
both Helsinki and Casablanca. In the cold climate, the
50/20% case resulted as the best one as it provided light
in the back of the room, but, at the same time, it prevented
a too glary environment for the front occupants (in
comparison, for example, to the 50% case). In terms of
comfort, the 50/30% design variation resulted comparable
to the 50/20% one. However, electricity production was
higher for the 50/20% case, which makes it the best design
option in both terms of comfort and energy. It must be
noted that results in Helsinki were generally more
uniform in terms of comfort (manly linked to the visual
component), due to the low sun angle at higher latitudes.
Moreover, the energy indicator for Helsinki was higher in
comparison to that of Geneva as more energy was
consumed for heating.
Results for Casablanca were different in comparison with
those of Geneva and Helsinki as the best design option
corresponded to a 1-level transmittance distribution. In
particular, the 20% resulted in the best choice in both
terms of comfort and energy as it provided less overheated
hours and the maximum energy production.
Limitations
The findings of this study are based on simulations
performed in a reference office, which presents a deep
floorplan in comparison to the glazed surface.
Simulations on other types of space (e.g., less deep space)
and with different window configurations are necessary to
illustrate STPV design variations effects in different
layouts. Moreover, as the power output of the STPV
module was calculated in a simplified way by using a
constant energy conversion efficiency, further
investigations could refine the energy indicator to take
into account variations of the efficiency of the PV module
according to additional factors, such as for example, the
cell temperature, and light spectrum. Similarly, future
investigations should consider a different weighting
approach for the calculation of the discomfort indicator
according to the features of the project investigated. More
specifically, uncomfortable conditions that could not be
corrected by users with immediate action (e.g., turning on
the light in case of too dim visual environment) should
have a larger impact on the determination of the
discomfort score compared to uncomfortable conditions
easier to address. For example, whenever glare protection
is not present in the space, the discomfort indicator should
be modified to take into consideration that a too dim
environment is not as uncomfortable as a glary one,
considering that a personal lamp could always be turned
on. Finally, for comparisons between locations, the
envelope characteristics should be adapted to each
climate.

Conclusions
This study compared 14 STPV design variations in terms
of energy and occupancy-based comfort evaluations,
investigated in a deep-floor reference room with a fully
glazed south-oriented facade. Different transmittance

levels were tested, as well as their distribution on the
glazing (one, two, and three equal-height levels). The
main investigation was conducted for the temperate
climate of Geneva, for which the entire evaluation method
and the resulting outcomes were reported. The goal, other
than generally evaluate the comfort and energy results for
the STPV designs, was to find the best design option as
well as to compare its results with those of a base case
with a conventional shading system. The best design
option was also investigated for two additional climates,
a cold and a dry-hot.
For all the climates, dividing the glazing into three parts
did not result in a better comfort or a decreased energy
consumption from the grid. On the other hand, the 2-level
design option with the higher visible transmittance (50%)
on the top of the glazing was the best one for both Geneva
and Helsinki climate, whereas for the dry-hot climate of
Casablanca the 1-level design option with the lowest
visible transmittance (20%) uniformly distributed on the
entire glazed surface resulted as the best choice. These
outcomes are due to the sun angle as, when it is not too
high, the 2-level transmittance variation results in the best
design option as it gives the possibility to let more light in
the back of the room and to block too much light for the
occupants in the front. This design also allows for a higher
electricity production due to the presence of a lower
visible transmittance of at least one part of the glazing,
which corresponds to higher efficiency. In comparison
with the base case window, the best STPV design for
Geneva (50/30%) allowed for energy savings (19.5%) and
resulted in a better distribution of comfort evaluation in
the room, but it led to a decreased overall comfort,
especially for the occupants in the front of the room.
The presented results provide the first insights on the
relationship between energy and comfort related to
selected STPV design variations in different climates,
which can be helpful for the installation of this technology
in practice. Moreover, other than describing specific
results for the case study investigated, this paper provides
a methodology for a multi-criteria analysis, studying
different indicators simultaneously. The same
methodology could be useful for the evaluation of other
façade technologies, especially when innovative glazing
systems are foreseen in a project.
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Nomenclature
STPV = Semi-Transparent photovoltaics
PMV = Predicted Mean Vote
DGP = Daylight Glare Probability
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Abstract
Building integrated photovoltaic (BIPV) systems
are considered as a promising technology to achieve
low energy buildings. Although a significant body
of literature is available on BIPV modelling and
validation, sensitivity analysis (SA) has not been extensively explored in a systematic way. SA provides
insight on how the model responds to variations on
its inputs, being thus an integral part of modelling
approaches. In this paper, a variance-based SA is
performed to identify the dominant parameters on
the performance of ventilated facade-BIPV modules, evaluated in terms of power output and cell
temperature. This work uses a multi-physics BIPV
model previously validated with experimental data
from two BIPV setups. Convective heat transfer
coefficients (CHTCs) and parameters associated to
ventilation are the inputs to the SA. Results show
that the heat transfer to the exterior environment
and to the cavity interior have the largest influence
on both power and cell temperature. Furthermore,
the effects of interactions among the inputs have been
found to account for most of the output variability.

Introduction
Renewable energy sources such as photovoltaic (PV)
systems are key to achieve low energy buildings and
reduce the impact of the building sector on the climate. The conventional application of PV modules in the built environment requires the installation of a supporting structure, normally on the existing roof, to which the PV modules are attached, the
so-called building applied photovoltaics (BAPV). For
aesthetic reasons, BAPV applications are not common in facades. Alternatively, PV modules can be integrated into the building envelope, replacing convectional building components and eliminating the need
for the mounting structure. This concept is known as
building integrated photovoltaics (BIPV).
Besides producing electricity, BIPVs provide at least
one envelope function, such as insulation, weather
barrier, or sun shading (Osseweijer et al. (2018)). In

particular, facade integration has been considered a
promising BIPV application as it complements the
surface area available in rooftops (Osseweijer et al.
(2018)) and provides a balanced power profile over the
day, especially in the summer (Brito et al. (2017)).
Furthermore, in terms of aesthetics, the integrated
concept has the potential to facilitate the assimilation
of BIPVs in the building design, often considered as
an advantage over BAPVs (Osseweijer et al. (2018)
Saretta et al. (2018)).
BIPV applications typically experience higher temperatures as the BIPV module is part of the building envelope instead of being exposed to the ambient conditions on both front and back surfaces, leading to reduced heat transfer. After shading, high
operating temperatures are the second major cause
of reduced energy yield, since the (BI)PV behaviour
is temperature-dependent (Thevenard (2005)). With
a temperature coefficient for the maximum power of
about -0.4 %/◦ C, crystalline silicon (c-Si) cells experience a power reduction of 8 % when operating at
45 ◦ C (Thevenard (2005)).
The use of ventilated cavities has been explored by
different authors to reduce the operating temperature in both BIPV and BAPVs. In a review study,
Agathokleous and Kalogirou (2016) highlight that,
on the one hand, an important research effort has
been devoted to mechanically ventilated BIPVs, even
though mechanical ventilation has several disadvantages, associated to the use of a fan to create the air
circulation (reliability, noise, energy consumption and
additional investment). On the other hand, natural
ventilation has not been explored extensively due to
the complex interaction between buoyant and winddriven flows, despite the advantage of exploiting these
natural forces to drive the airflow.
In fact, natural ventilation of cavities in the built environment involves a strong coupling between the flow
around the building and the airflow inside the cavity.
At the cavity level, the pressure loss characteristics
will determine the resulting airflow (Langmans and
Roels (2015)). Cavity losses depend on the cavity
geometry and material properties as well as on the
airflow regime.
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At the building envelope level, the distribution of
heat transfer coefficients and (wind) pressure coefficients will dictate heat transfer and flow conditions.
Montazeri et al. (2015) have demonstrated that external convective heat transfer coefficients resulting
from wind effects (eCHTCw ) not only vary over the
building envelope, but also depend on the building
geometry. The degree of exposure/sheltering in urban clusters also affects the eCHTCw distribution, as
shown by Liu et al. (2015). A similar behaviour is
observed for wind pressure coefficients (Costola et al.
(2009)). BIPV modules in the building envelope may
be particularly susceptible to eCHTCw and pressure
variations since local effects are even more important.
Following this rationale, three research questions have
been identified: How variations in heat transfer and
ventilation parameters affect the BIPV performance?
Which inputs have the strongest influence? How does
the eCHTC affect the BIPV behaviour?
This paper tries to address these questions through
a sensitivity analysis (SA). SA provides insight on
the model behaviour and its response to variations
in the model inputs. Such results can provide quantitative information to guide the decision for future
work, in particular, (1) to indicate which parameters
are critical regarding heat transfer and natural ventilation effects, and (2) to decide upon the need to
further assess the impact of the built environment on
the performance of BIPV systems.
Several techniques for sensitivity analysis are available, each one having its specific characteristics
(Saltelli et al. (2008)). The simplest sensitivity
method, also called local or differential SA, varies the
parameters one-at-a-time around a base case. Local
SA is less computational intensive and allows an intuitive interpretation of the results. Drawbacks to this
approach include the exploration of only a reduced input space, the impossibility of evaluating the interactions between inputs, and the lack of self-verification
to explain how much of the output variation is due to
the input variation. Such method has been applied
to BIPV problems to investigate, for example, the
influence of the distance between the BIPV module
and the building wall (DeBlois et al. (2013); ElSayed
(2016); Peng et al. (2016)) and the influence of the
airflow rate in mechanically ventilated BIPV systems
(Wilson and Paul (2011); Peng et al. (2016)).
Alternatively, global SA focuses on the influence of
different inputs over the whole input space and are,
in general, capable of overcoming the three limitations of local methods. Despite being an important
resource for modelling methodologies, global SA has
not been comprehensively explored for BIPV modelling, as highlighted by Cipriano et al. (2016). These
authors applied a data-driven approach to validate a
naturally ventilated PV component using experimental data. In their approach, a global SA method is

employed to identify the unknown parameters and
evaluate their influence on the model output. The
coefficients related to the airflow and heat transfer
as well as the optical properties of the BIPV module
have been identified as strong parameters. Importantly, the external convection heat transfer coefficient (eCHTCw ) was not considered in the SA due to
low wind intensity during the monitoring period.
In order to investigate the research questions introduced previously, this paper assesses in a systematic
way the impact of different modelling parameters on
the BIPV performance, including the eCHTCw . Different SA methods are applied with a design perspective, to understand the BIPV response in terms of
power and operating temperature (outputs) to variations in the heat transfer and ventilation parameters
(inputs). It is the research purpose that differs this
work from the one by Cipriano et al. (2016), in which
sensitivity and uncertainty analyses have been used
to identify unknown parameters in an experimental
validation exercise. The implications of this objective in terms of methodology will be addressed later.
After this introductory section, a brief description of
the BIPV model is provided. Next, the methodology
employed in the sensitivity analysis is presented.
The subsequent two sections present and discuss the
results. The last section summarises and concludes
the paper.

BIPV model
The multi-physics BIPV model used in this work has
been previously developed within the IDEAS environment, an open-source framework for building and district energy simulations (Jorissen et al. (2018)). The
model has been validated for two different crystalline
silicon (c-Si) BIPV modules, part of the southwest
facade of the Vliet test building in Leuven, Belgium,
with focus on temperature and energy yield predictions (Goncalves et al. (2018a, 2018b)).
In the present study, a c-Si BIPV module with a
rated power of 244 Wp is considered, as described by
Goncalves et al. (2018b). This BIPV configuration
presents a 15-cm insulation layer separating the cavity from the interior environment. Such characteristic
allows simplifying the modelling of the building interior, taking a convective heat transfer coefficient and
a constant interior temperature of 21 ◦ C as boundary condition. In fact, preliminary simulations have
shown that, in this case, the indoor temperature has
negligible effect on the performance indicators.
Figure 1 illustrates the object-oriented approach used
in the BIPV model. Each PV element is combined
to one thermal element, which encapsulates the heat
transfer and airflow modelling, as well as the coupling
to the building interior. The temperature-dependent
one-diode model is employed to represent the electri-
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Figure 1: Schematic representation of the object-oriented approach and the thermal model.

cal behaviour. Each PV element corresponds to one
PV cell and has a different solar irradiation intensity
and temperature as input, allowing the simulation of
shading effects as well as temperature gradients over
the module. While shading effects are not included in
the present work, the temperature gradient over the
BIPV height due to buoyancy is considered.
A schematic representation of the thermal model, including both heat transfer and ventilation, is also
shown in Figure 1. Conduction is treated as a onedimensional problem, assuming that the temperature
is evenly distributed over the element surface. Material properties are considered homogeneous over the
layer of each element and constant over time. Thermal bridges at the edges are neglected. Convection is
based on correlations available in the literature. Detailed information can be found in Goncalves et al.
(2018a; 2018b).
The relationship between the airflow rate, Q, and
the pressure difference over a ventilated cavity, ∆P,
is expressed as Q = Cd ∆ Pn , where Cd is the flow
coefficient, which represents the cavity (friction and
turbulent) losses, and n is the flow exponent, which
represents the flow regime (laminar or turbulent)
(Straube and Burnett (1995)). In natural ventilation,
∆P accounts for both buoyancy and wind effects.

Methodology
The SA methodology follows four steps. The design
perspective adopted here requires a detailed explanation concerning the first two steps, i.e. the identification of the problem and the definition of the inputs and corresponding distributions. The third and
fourth steps concerning the generation of input vectors and the SA methods are more straightforward
steps, since they follow the methods well established
in the literature.

Identification of the problem
Regarding the selection of inputs and outputs for sensitivity analysis, Tian (2013) explains that different
research purposes ask for different decisions. The
author takes the thermo-physical properties of the
building envelope as example. These properties can
be associated to a normal distribution if the goal is
to compare the simulated performance of an existing
building to its monitored behaviour. Normal distributions account for natural uncertainties, due to, for
example, construction aspects, aging, and actual conditions of the building. Conversely, if the goal is to
identify energy saving measures at the early design
stage, these properties should be taken as equally
probable and related to a uniform distribution. In
this case, the materials composing the walls have not
yet been decided; therefore, any value within a reasonable range would be possible.
The aim of this paper aligns with the second purpose,
in which case the analyst should focus on the possible ranges for design variables, rather than natural
uncertainties (normal distributions). Particular inputs may only be realistic for certain situations (e.g.
rural or urban areas; high-rise or low-rise buildings),
requiring a carefully interpretation of the results.
A second implication of the research purpose concerns
the output for the sensitivity analysis. The outputs
(or target functions) considered for the SA here are
the power produced by the BIPV and the cell temperature at the top of the BIPV module, TBIP V , at
an irradiance level of 1000 W/m2 and ambient temperature of 25 ◦ C. The irradiance condition corresponds to the standard testing conditions (STC) for
PV systems, providing a relevant reference to assess
the BIPV performance. This choice is also independent from weather conditions or location and, therefore, generally valid (within the input ranges).
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Definition of inputs and distributions
This paper focuses on heat transfer and ventilation
aspects and, therefore, only inputs related to these
phenomena are considered for the SA. The following three CHTCs are considered (Figure 1): (1) between the BIPV front surface and the environment,
eCHTC, which combines both wind and buoyancy effects; (2) between the BIPV back surface and the air
inside the cavity, CHTCP V,air ; and, (3) between the
insulation/wall surface and the air inside the cavity,
CHTCwall,air . As for ventilation, the three parameters that define the airflow rate are taken as input:
(1) the airflow driving pressure difference, ∆P; (2)
the flow coefficient, Cd ; and, (3) the flow exponent,
n. The temperature of the air entering the cavity,
Tin , is the seventh input.
Defraeye et al. (2011) and Mirsadeghi et al. (2013)
reviewed the existing correlations for eCHTC modelling. These studies show that eCHTC can reach
values up to 100 W/(m2 K) for wind speed between 0
and 15 m/s, depending on the correlation used. The
eCHTC range has been defined to represent the most
common values, between 0.3 and 50 W/(m2 K). In
terms of urban environment, low eCHTC values are
representative of low-rise building and dense urban
environment, while high values correspond to highrise buildings and rural areas.
As for natural convection inside cavities, the survey
presented by Agathokleous and Kalogirou (2016) indicates that CHTC values are expected to be in range
from 1 to 15 W/(m2 K). The limits for CHTCP V,air
and CHTCwall,air have been chosen to correspond to
this range. The experimental study conducted by
La Pica et al. (1993) indicates that values around
5 W/(m2 K) are realistic for natural convection in
cavities. Higher values may represent enhanced heat
transfer techniques, such as fins or heat pipes.
Different authors have obtained the ventilation driving pressure in various building elements using experimental data (Saelens and Hens (2001); Falk and
Sandin (2013); Langmans and Roels (2015)). In all
these works, the magnitude of the driving pressure
is similar, and typically below 2 Pa. According to
Straube and Burnett (1995), driving pressures in natural ventilation can be expected to be in the order of 1
Pa. Because the driving pressure depends on several
parameters, a wider range has been defined, from 0.1
to 2 Pa. Here, the lower values may represent sheltered buildings, where only buoyancy drives the flow.
Wind gusts may cause even higher pressure differences, but have not been considered due to its highly
dynamic behaviour.
A flow exponent n=0.5 indicates that the flow is completely turbulent, while an exponent of 1.0 defines
a completely laminar flow. For practical building
calculations, Nevander and Elmarsson (1994) (apud
Gudum and Rode (2003)) suggests the use of n=0.7.

Based on experiments of steady state flow through
orifices, Straube and Burnett (1995) conclude that
an exponent of 0.55 fits fairly well for different orifice sizes, with larger exponents observed only for the
very small ones. Exponents between 0.44 and 0.59
have been experimentally obtained for different ventilated building elements (Saelens and Hens (2001);
Langmans and Roels (2015)). In this work, a range
between 0.4 and 0.7 has been defined. The authors
acknowledge that values below 0.5 are not theoretically possible, but can be experimentally obtained
as result of experimental noise Straube and Burnett
(1995).
Cavity characteristics of traditional building elements
have been experimentally determined by different authors (Saelens and Hens (2001); Langmans and Roels
(2015)). Depending on the cavity geometry, the flow
coefficient Cd also varies over a large range, from very
small values as it is the case of open head joints and
small orifices (Cd ≈ 8 m3 /(h·Pan )) to large values
occurring in well-ventilated cavities with large openings (Cd ≈ 800 m3 /(h·Pan )). A slightly larger range
between 7 and 900 has been undertaken here.
Concerning the temperature of the air entering the
cavity, Saelens et al. (2004) have shown that, for
double skin facades, inlet temperatures are notably
higher (up to 15K) compared to the exterior temperatures. Measurements in the BIPV setups used to
validate the BIPV model also indicate that the inlet
temperature can be significantly higher than the ambient temperature. This temperature raise is due to
local heat transfer occurring at the openings, which
depends on the solar radiation and the cavity geometry. In this study, the inlet temperature range has
been taken up to 10 K higher than the ambient temperature; thus, between 25 and 35◦ C.
Table 1 lists the inputs for the SA and their respective minimum and maximum values. As explained
previously, since this paper applies SA with a design
perspective, a uniform distribution has been assigned
to all the inputs. This means that any value within
the defined ranges is equally probable. In this way,
any combination between the inputs is possible, even
if not realistic, and particular BIPV configurations or
urban environment are not favoured.

Table 1: Inputs and corresponding ranges.
Min Max
Unit
Input
eCHTC
0.3
50
W/(m2 K)
CHTCP V,air
1
15
W/(m2 K)
CHTCwall,air
1
15
W/(m2 K)
∆P
0.1
2
Pa
Cd
7
900 m3 /(h·Pan )
n
0.4
0.7
◦
Tin
25
35
C

________________________________________________________________________________________________
4396
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
Generation of the input vectors
The third step of the methodology is to generate the
input vectors, which can be done through the various sampling techniques available in the literature
(Saltelli et al. (2008)). Sobol samples (N=2000) have
been used for the generation of scatter plots and
the calculation of regression coefficients (explained
below). Other SA methods are associated to specific
sampling techniques, as it is the case of EFAST
(extended Fourier amplitude sensitivity testing). For
EFAST, 7000 samples have been generated using the
sampling scheme described by Saltelli et al. (1999).
SA methods
Tian (2013) classifies global methods in four groups:
regression, screening-based, variance-based, and
meta-model sensitivity analysis. This paper focuses on regression coefficients and the variance-based
EFAST method. Scatter plots are also used to obtain
visual insight on the results.
By quantifying the extent to which a given input
changes the target output, regression methods are
easy to compute and to interpret. A regression coefficient can describe both the strength and the direction
of a relationship. Two commonly used correlation
measures are the Pearson’s correlation coefficient (P),
which evaluates the linear relationship between one
input and the target output, and the Spearman’s correlation coefficient (S), which evaluates their monotonic relationship, linear or non-linear. While the
linear relationship implies a constant variation rate
between input and output, a monotonic behaviour
means that the output never increases or never decreases with increasing the input.
EFAST belongs to the variance-based family and
is suitable for both monotonic and non-monotonic
models. This method associates the variability of
the outputs to the inputs and has been described in
detail by Saltelli et al. (1999). The main sensitivity
measures are the first order (individual) and total
effects. The individual effects account for the contribution of each input factor to the output variability.
Total effects compute the total contributions to the
output variance due to the corresponding input,
which include both individual and higher-order effects from interactions among inputs. The difference
between these measures corresponds, thus, to the
effect of interactions among inputs.

Results
Scatter plots and correlation coefficients
Scatter plots are used as a starting point to explore
the relationship between inputs and outputs. Figure
2 shows the scatter plots of TBIP V and power for all
inputs selected in the SA. Power values lie mostly between 180 and 240 W; temperature values, between

40◦ C and 80◦ C. A fairly strong non-linear relationship between eCHTC and both TBIP V and power is
identified. No evident correlation is observed between
TBIP V and power and the other inputs.
The regression results in Table 2 indicate that TBIP V
is highly correlated to eCHTC. With P=-0.903, their
relationship cannot be considered linear, but with
S=-0.98 it can be assumed monotonic. The negative
sign means an inverse relationship between the two
variables. The coefficients for CHTCP V,air and Tin
also suggest correlation, but with significantly lower
values. The results are in agreement with the visual
inspection of the scatter plots in Figure 2. Inconclusive p-values have been obtained for CHTCwall,air ,
∆P and n, for both P and S coefficients. Similar
correlation coefficients have been obtained for power,
except that S becomes inconclusive also for Cd .

Table 2: Regression coefficients for TBIP V .
P
S
Input
eCHTC
-0.903 -0.980
CHTCP V,air
-0.147 -0.123
CHTCwall,air -0.022 -0.017
∆P
-0.031 -0.029
Cd
-0.078 -0.069
n
0.001 -0.001
Tin
0.083
0.093

EFAST analysis
Figure 3 presents the histogram plots obtained for the
target outputs power and TBIP V ; important statistical indicators are also included in the figure. Given
the input space used for the SA, the average power
value is 223 W, about 9% lower than the 244 Wp at
STC. The corresponding average value for the TBIP V
is 50◦ C, 25 K above STC. Depending on the combination of inputs, the TBIP V can reach values up to
109◦ C; the power output can be as low as 163 W,
33% lower compared to STC.
The indices that represent individual and total effects
on TBIP V are shown in Figure 4. Very similar results
were observed for the power, but have been omitted
due to space limitation. Besides, the heat transfer
and ventilation inputs affect directly the TBIP V ; the
power determined as a function of TBIP V . The sum
of all individual effects is less than 0.1, which means
that most of the output variability is due to interactions among the inputs rather than individual effects.
Although eCHTC and CHTCP V,air have the largest
individual indices, together they account for only 13%
of the output variability. Considering also their interactions with the other inputs, their influence rises to
over 70% of output variability. Notably, n, Cd and
∆P, which represent the cavity ventilation, become
more important when interactions are considered.
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Figure 2: Scatter plots (Sobol samples, N=2000).

Figure 3: Power and TBIP V histogram distributions.

Discussion
Regarding heat transfer and ventilation aspects, the
built environment imposes additional challenges to
the modelling and optimisation of BIPV and BAPV
systems. SA is an important aspect of modelling
methodologies, providing insight on how the BIPV
behaves when the inputs are changed. In this paper, the SA results indicate that, among the chosen
inputs, only the eCHTC presents a defined relationship with both target functions. EFAST analysis indicate that the interactions among inputs is significantly more important than individual effects. Yet,
eCHTC and CHTCP V,air and their interactions account for more than 70% of the outputs variability.
Ventilation parameters, i.e. Cd , n and ∆P, present a
relatively strong impact if considered as a group.
The scatter plots presented in Figure 2 show that the
eCHTC effect is particularly strong at values above
20 W/m2 K. As eCHTC decreases, the spread in
power and TBIP V increases, indicating that the inter-

Figure 4: Individual and total effects on TBIP V .

actions with the other inputs (i.e. ventilation inputs)
become more important. Higher eCHTCs can be associated to high wind speeds that occur, for example,
in rural areas or at the edges of high-rise buildings
in low density urban areas. On the contrary, lower
eCHTCs represent lower wind speeds, dense building
clusters, and/or low-rise buildings. These results suggest, therefore, that BIPV modules operating in lower
eCHTCs conditions require better ventilation in order to operate at lower temperatures and produce the
same amount of energy.
The interpretation of these results can be extended
to the impact of the use of different correlations to
model the eCHTC. As identified by Mirsadeghi et al.
(2013), several correlations have been proposed in
the literature for the eCHTC calculation. Figure 2
shows that both power and TBIP V tend to a constant
value as eCHTC value increase, particularly above
30 W/m2 K, which suggests that at high wind speeds
the uncertainty in eCHTC models is less important.
However, at lower wind speeds, the choice of model
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could lead to significant differences. These findings
are also qualitatively valid for BAPVs.
Importantly, the SA results are intrinsically related to
the range of parameters, the target function (yield vs
power), and the environmental conditions (STC vs a
day or a year). The input ranges have been defined to
account for diverse design situations in terms of cavity characteristics as well as heat transfer conditions.
The higher values of CHTCP V,air may represent different techniques of improving the heat transfer, such
as the use of fins or heat pipe configurations, while
values around 5 W/m2 K are realistic for cases of natural convection in vertical cavities, as experimentally
determined by La Pica et al. (1993). Mechanical ventilation would require larger ranges for CHTCP V,air ,
CHTCwall,air , and ∆P.
From a practical perspective, modifications in one parameter may have consequences on the others. For
example, the adoption of fins to enhance the heat
transfer could increase the losses in the cavity, which
in turn could be compensated by increasing the openings size. While the approach in this paper considers
these combinations both feasible and equally probable (i.e. fins and larger openings, and no fins and
smaller openings), detailed modelling techniques such
as computational fluid dynamics (CFD) are more
appropriate to investigate particular configurations.
This effort is, however, beyond the scope of this paper, but is a direction for future studies.
The choice of the target function and the environment conditions will be discussed together, as they
depend on each other in this particular study. Power,
being an instantaneous indicator, is related to the
conditions occurring at a given moment. Energy
yield, on the contrary, depends on the transient
conditions over a given period. Considering longer
periods, days or a year, would not be consistent with
the goal of this study, since most of the parameters
used in the SA analysis depend on the weather
conditions. In other words, annual simulations with
constant CHTC values would not be realistic. In the
approach followed by Cipriano et al. (2016), normal
distributions have been assigned to the coefficients of
CHTC correlations; the weather conditions are taken
into account, and annual simulations are possible.
However, this also assumes a fixed behaviour for
the CHTC, which is not consistent with the design
perspective adopted in the present paper.

Conclusion
A sensitivity analysis (SA) has been performed in this
study to identify the dominant parameters on the performance of ventilated facade-BIPV systems. Parameters associated with ventilation and convective heat
transfer have been taken as inputs to the SA, while
power and the cell temperature at the top of the BIPV

module as target outputs.
The interactions among inputs have been found to
be significantly more important than any individual
effect, with eCHTC and CHTCP V,air and their interactions accounting for more than 70 % of the outputs
variability. From a modelling point of view, the effect
of interactions between heat transfer and ventilation
parameters cannot be neglected. Further implications
of the SA findings are (1) eCHTC should be carefully
considered in BIPV modelling, and (2) good ventilation conditions should be designed for BIPV modules
operating at low eCHTC conditions, i.e. low wind
speeds, dense clusters, and low-rise buildings.
The first suggestion for future work is to combine the
ventilation inputs into a single one, the airflow rate,
in order to provide more tangible recommendations
in terms of BIPV design. Further research will also
focus on different ranges for the inputs. Interesting
information could be obtained for particular situations. For instance, if low eCHTC conditions are
expected for a given location, a narrow range could
be selected for this input, or if the designer considers
the use of mechanical ventilation, the ranges for
CHTC inside the cavity and ∆P could be adjusted.
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Abstract
This paper presents a theoretical simulation of thermal
and economical assessment of façade integrated Solar
Thermal (ST) in combination with Ultra Low
Temperature (ULT) District-Heating (DH). This paper is
in line with existing R&D activities for the integration of
unglazed systems in building envelopes, where facades
provide an almost unexplored area for increasing solaractivated building envelopes. The combination of
building-integrated solar systems with DH networks
avoids the use of local storage and allows a novel
combination of heat directionality, both from building to
the heat grid and vice versa. A control algorithm for heat
supply is presented, so that the performance of the overall
system is the optimal.
Energetic results from solar simulations and economic
assessment derived from the balance of building energy
demand and solar production are presented. Over a fullyear period the proposed unglazed system produces as
much as 50% additional heat when compared with an
isolated ST system and profitable economic metrics are
reached over a simulation time of 20 years. Finally, it is
concluded the heat sink nature of a DH network, for as
many as 25-35% of the buildings connected to the DH
includes ST system.

Introduction
In the European Union (EU), the 40% of the energy
consumption corresponds to that consumed in buildings
(L. Pérez-Lombard and J. Ortiz, 2008), becoming one of
the main source of pollutants today. As a respond to that
situation, from the European Commission (EC) by means
of directives (EC, 2010 & EC, 2012) regulates the
energetic situation of the constructive sector, so that
energetic requirements such as, the reduction of the 20%
of the energy consumption, are fulfilled.
The main variable that affects to the heat demand for
dwellings are the constructive characteristics of the
buildings, considering transmittances in windows and
envelopes and ventilation rates as the most representative
for heat losses. According to Constantinos A. Balaras, K.
Droutsa, E. Dascalaki and S. Kontoyiannidis (2005), the
total existing building stock in Europe is estimated at 150
million dwellings, whereas the construction rate off new
building is only 2 million every year. Maintaining this
construction rate until 2050, it means that more than 72%
of the total building stock is already built. As for the
recent building stock in the EU, around 70% of the

residential stock was built before 1980, when energy
efficiency requirements in buildings were not as stringent
as today.
DH networks enables the integration of dwellings with
different heating necessities in the same heat grid,
enabling synergies between buildings with different
consumption trends. The steady incorporation of nZEB
(K. Loukaidou, A. Michopoulos and T. Zachariadis,
2017) in cities must be complemented with solutions for
the existing building stock.
This paper studies the feasibility of incorporating
unglazed solar collectors into the south façade of
buildings and explores the differences by connection
schemes to the ULT DH, presenting results for both
energetic and economic performance. For this purpose,
the state of art of district heating networks (and specially
4th GDH) and solar systems are presented
4th Generation ULT DH
DH technology is identified as a key system for the decarbonisation of heat supply in Europe. Today, DH
networks are responsible for covering the 13% of the total
heat load in buildings in the EU (S. Werner, 2017).
Nevertheless, there is still almost full dependency
between fossil fuel and DH networks, with about 70% of
the total energy production coming from fossil fuels.
Although most of the DH networks of today are based on
Large Combined Heat & Power (CHP) or large boilers
with supply temperatures near to 100ºC, the lower
availability of fossil fuels should enhance the transition to
what is denominated as 4th Generation DH (4GDH) (H.
Lund, S. Werner, R., Svend Svendsen, J. Eric Thorsen, F.
Hvelplund and B. Vad Mathiesen, 2017). The basic
principles of the 4GDH is the reduction of supply
temperatures up to ULT levels (45/30ºC) and
decentralization of heat producers, allowing for a
substantial increase in the use of RES such as Solar
Thermal Systems and Waste Heat (WH) streams. In gross
terms, the 4GDH is based on distributed heat sources
along the network, allowing a precise heat control from
buildings to networks and from producers to the networks.
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Figure 1: 4GDH distributed function scheme.
The reduction in working temperatures incorporates two
main advantages. Firstly, due to the lower temperature
gradient between supply and ambient dry bulb
temperature, heat losses in distribution pipelines are also
reduced, becoming a very important factor in large DH
networks, where heat losses in distribution have an
important role when designing the operation features.
Secondly, 4GDH also allows the incorporation of low
exergy distributed heat sources, such as ST energy and
WH streams. H. Fang, J. Xia, K. Zhu, Y. Su and Y. Jiang
(2013) studies the viability of using industrial WH in
China for a DH network, reaching beneficial results for
both stakeholders, pumping heat to the DH network and
the improving the energy efficiency of the industry. Other
important waste heat stream is the one coming from DataCentres (DC). M. Wahlroos, M. Pärssinen, J. Manner and
S. Syri (2017) presents a case study in Finland,
concluding that with high shares of waste heat in DH,
operational costs saving of 0.6-7.3% are reached.
Solar Thermal energy
Among all the RES that can be incorporated into a DH,
this paper is focused on Solar Thermal energy. Solar
Energy in the largest available RES in Earth (E. Kabir, P.
Kumar, S. Kumar, Adedeji A. Adelodun and Ki-Hyun
Kim, 2018), however, ST production and heat load have
daily and seasonal variations due to transient and variable
weather conditions.
There are several studies such as E. Kyriaki, E. Giama, A.
Papadopoulou, V. Drosou and A.M. Papadopoulos (2017)
& S.V. Szokolay (2003) for ST systems used for SpaceHeating (SH) and Domestic Hot water (DHW)
preparation purposes, most of them with positive
economic returns. Usually, ST systems exceeds heat load
in summer while heat load in winter, in most places
exceeds the heat yield from collectors. This is why, ST
systems are only sized to meet a fraction of the whole
yearly heat load of buildings and rest of the load is
fulfilled by fuel based traditional systems.
Unglazed Façade Solar System
This paper explores the Building Integrated Solar
Thermal Systems (BISTS), excluding from this study the
Large Solar systems installed far away from the urban
area. As for the localization of BISTS, most of the studies
are focused on systems integrated on roofs (M. Belusko,

W. Saman and F. Bruno, 2004). The main reasons for this
are that, firstly, incident solar radiation falls upon directly
the roofs of the building, whereas the south façade of a
building only receives the 70% (A. Giovanardi, A.
Passera, F. Zottele, R. Lollini, 2015) of the total radiation.
However, in the winter, the south façade receives a greater
solar insolation than the roofs due to the low solar height
in these months. This reason, together with the necessity
to meet the increased requirements for solar contribution,
makes the façade a very promising solution.
Regarding thermal collectors’ technology, three main
types are suitable for BISTS application: Unglazed
collectors, glazed collectors & evacuated tube collectors.
Although the particular coefficients of each type of
collectors are different, the characterization of the
performance of all of them is made by the same efficiency
equation (J. A. Duffie, W. A. Beckman, 1980):
In the following equation, Tm is the mean temperatures of
heat fluid inside the ducts of the collector (can be reduced
as the sum for the inlet and outlet temperature in each
collector divided by two). Ta corresponds to the dry bulb
temperature [ºC] in the environment and GT correspond to
the total radiation in the incident surface [W/m2]
𝜂𝑐 (𝑡) = 𝜂0 − 𝑎1

(𝑇𝑚 (𝑡)−𝑇𝑎 (𝑡))
𝐺𝑇 (𝑡)

2

− 𝑎2

(𝑇𝑚 (𝑡)−𝑇𝑎 (𝑡))
𝐺𝑇 (𝑡)

(1)

Where, {t = 1,2,3… 8760}

Figure 2: Efficiency ranges for ST collector types.
In Figure 2 is presented the efficiency curve for all
collector types. ΔT defined in the curve is representative
of working temperatures, so high working temperatures
are illustrated by high ΔT.
In essence, unglazed collectors present two main
advantages for the considered application, among the
other collector types. The first one is referred to the
efficiency levels, since with low temperature difference
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(or low working temperatures) the collector with highest
efficiency levels is the unglazed one. This becomes
relatively important when the supply temperatures of the
DH are reduced up to ULT temperature ranges. The other
main advantage of these collectors concerns with
constructive features. Facade integration of ST systems
has been historically limited due to the need to
accommodate glazed areas and tubular assembles in the
architectural composition of buildings. Anyhow smart,
but marginal integration solutions for vacuum tubes have
been achieved in balconies or transparent areas
(O’Hegarty, Kinnane & McCormack, 2016).
Without glass covers and tubular covers, the unglazed
collectors are the only one that can be integrated without
modifying the aesthetics of the building. Specifically, the
unglazed solar collector enables varied forms (shape, size
and typology) and materials (colour, texture, transparency
etc.).
In broad terms, it has to be considered that façades are the
prominent image of the building. In the selection of ST
technologies and their integration of Solar Thermal
Façades (STF) this aspect needs to be taken into account.
The existence of a wide-range of architectural facades
requires delivery of a wide range of STF products, to
ensure freedom of design intent. In the study by Garay R.,
Arregi B., Bonnamy P. & Lopez, J. (2017) an
experimental study is performed on unglazed ST
collectors and their potential to deliver heat to HVAC
systems in buildings. In this work, it is identified that
facades are the biggest area where collectors can be
installed, and that unglazed collectors are one of the most
sensible alternatives to match ST production and
architectural integration.
DH & ST Connection
The subsystem in charge of connecting the DH network
and the final consumption points (mainly, residential
buildings) is the substation. The connection between ST
and DH is totally influent in the performance of the whole
system. Therefore, collectors’ efficiency varies
considerably if connected to the supply line or the return
line of the DH. In case of considering an ULT DH,
temperatures in the range of 45-50ºC are representative of
flowing temperatures, while 20-30ºC are representative
return lines.
There are multiple connection and operating possibilities
when coupling ST and DH. The simplest substation
scheme and the only one used so far is when the ST
(basically, LST) is connected to the supply line with
unidirectional heat flow from ST to the heat network.
However, with the progress of substations, different
variables have been developed, enabling different
operating modes, such as, bi-directional heat flow and
connection to return line of the DH.
For this study, a novel design of a substation is
considered, and the working pipeline-scheme is presented
in the following figure. This substation enables the direct
use from solar field to fill building demand, when
temperature ranges permits. Secondly, as it is said before,
bi-directional heat from DH to the building and from the

building to the DH is permitted. Furthermore, for the
optimization of the system, it is permitted to inject the
heat, both to the supply line and to the return line of
LTDH
For this purpose, reversible water pumps are incorporated,
which permits pumping water in both directions.

Figure 3: Substation concept for Solar Thermal DH.
As is could be concluded from the proposed connection
scheme, the local heat storage typical of solar systems is
avoided, since the DH networks acts as a heat supplier and
as a heat sink at the same time.

Methodology
The paper explores energetic & economic feasibility of
façade integrated solar system connected to a ULT DH.
The methodology followed for the study is resumed in the
following figure.

Figure 4: Methodology scheme followed in the study.
Heat-Load & District Modelling
The process of the study starts with the characterization
of building heating loads, which are totally dependent on
external conditions. These external conditions are
basically, climatic
variables and constructive
characteristics of buildings. For this study and in order to
get useful results for a case study in Denmark, the climatic
data for Copenhagen (Denmark) is used. This climatic
data is obtained from Meteonorm and processed in
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TRNSYS so that incident radiation into different walls of
a buildings are obtained.
A multi-rise building has been modelled in TRNSYS
comprising 5 floors of 1250m2 (50 x 25 m, with the largest
surface facing the south and the north), with a window-towall ratio of 25%. With the intention of developing the
most realistic study, 3 different kind of buildings (B1, B2,
B3) are defined in function of the age of construction.
Different constructive characteristics are defined for each
case, considering different transmittances in windows and
walls of the building as well as ventilation rates. B1
buildings correspond to buildings built before 1980, B2
buildings correspond to buildings built from 1980 until
2010 and B3 are the same building as B1 but with
renewed windows.
Table 1: Main constructive characteristics.
Building
UWALL [W/m2]

B1
1.99

B2
0.93

B3
1.99

UWINDOW[W/m2]

5.73

2.26

2.01

Infiltration rate
[h-1]
Ventilation rate
[h-1]

0.4

0.3

0.4

1.2

1.0

1.2

The district is formed by a total of 160 buildings with the
30% of the building of type B1, 40% of type B2 and 30%
of type B4.
The simulation is made for building separately and heat
load for these residential buildings is divided into load for
SH and DHW.
Regarding DH, this load is totally dependent on
constructive characteristics, so the modelling of this load
is simulated in TRNSYS with a setpoint of indoor
temperature of 20ºC. In this study the possibility to satisfy
cooling demand is not considered. Considering the
location of the simulation, cooling will not be as
important as heating.
On the other hand, heat load for DHW has been calculated
to national regulations. Considering a total useful area of
5000 m2, divided in apartments of 80m2 and with 3 people
in each apartment. As it can be seen, it is only an
approximation to a real DHW heat load of an existing
building. According to the calculation procedure, the
mean consumption of DHW is about 22 litres of DHW per
day and person and the minimum temperature necessarily
reached is 60ºC. It has been also considered the variation
of this load during the day, taking into account peak and
peak-off hours.
Solar System Simulation
On the basis of the equation abovementioned and climatic
data source, a model in R has been developed. In this
model, serial arrangement of collectors has been
simulated, monitoring temperatures in the entrance and
the output of each collector.
The data of the collector used in this simulation is
obtained from a real datasheet (Solar Collector Factsheet,

AS Kollektor) from where the coefficients of performance
can be obtained.
A sensitivity analysis based on optimum utilization of the
resources, in most cases, as early as the sixth collector in
series, the increase in temperature of the water is not
sufficient when compared to the investment required for
its installation. It is concluded to simulate the installation
into the facade of batteries of 6 collectors. From the
coefficients of a singular collector, new battery
coefficients are calculated from the regression from
different working conditions. Simulations for different
ambient conditions has been carried out, obtaining battery
The limitation of space in the south façade of that
building, the arrangement of solar batteries into the
facades is supposed to cover the maximum empty space,
referring to that where there are no windows. In this case,
the solar system consists of 20 parallel circuits, covering
a total of 240m2 by solar systems.
Coupling between Solar Production and Heat-Load
The main problem in this study and one of the main novel
concepts in the paper is the way in which the heat demand,
the solar production and the heat from the DH are
coupled.
Solar production and heating demands (SH at least) have
opposite trends and when the solar production is the
highest in summer, the demand for SH is the lowest and
vice versa. This phenomenon is usually solved by a
seasonal heat storage if the solar system id large enough.
However, in this study, the local storage is completely
avoided, using the DH as the heat storage. In this way, the
DH acts heat supplier and as store at the same time and
the building acts as prosumer, a novel concept presented
for 4GDH. Buildings of the future wont only consume
energy, but they will also produce heat for the grid.
The coupling algorithm for this particular case is the
following: when the solar production is not enough to
cover the full heating demand of a building, all the solar
production is intended to cover the demand and the DH
supplies the rest of necessary energy. The key of this
system is when the solar production exceeds the heating
demand. In these cases, the excess heat from ST system is
injected to the DH, in function of the temperature range
of the moment, to the supply or to the return line of the
DH. This way, it is possible to obtain an economic
revenue from the excess heat sold to the DH owner. This
algorithm is just for the first years of the 4GDH,
considering that the heat network has still a few producers
that may stabilize the whole network. There is another
algorithm possibility, that is not considered for this study.
It is based on that all the solar production is sold to the
DH and all the heat demand is covered by the DH.
This study also comprises the possibility that the ULT DH
can saturate, in other words, that the DH exceeds its
capacity to absorb heat from distributed heat sources. To
define the saturation levels of the DH, a new variable is
defined.
𝐷𝑒𝑚𝑎𝑛𝑑𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
(2)
𝐷𝑒𝑚𝑎𝑛𝑑𝐷𝐻 =

𝐵𝑆𝐹 [−]
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here, the BSF correspond to the percentage of buildings
that incorporates ST systems.
All in all, it is proposed a bidirectional heat flowing
system allowed by the substation commented before and
which permits to the system controlling heat supply.
Initial budget
Referring to economic calculation, the first step is to
define the initial investment necessary for the installation
of the proposed system. From the same data-sheet from
the collector and the other economic data from Precio
Centro Guadalajara (Visited in 2018), it has been made
cost estimation, which is resumed in the following table,
divided by the main concepts of the system. The initial
investment (and all the economic study) is shown in € and
not in Denmark national monetary units, so that the results
are more interpretable
Table 2: Initial budget estimation for solar installation.
Concept
Solar system
(BISTS)

Primary circuit
(From substation
to the building)
Secondary (From
DH to the
substation)

Main components
Solar collector,
support assembly to
the façade, waterpump, valves etc.
Water supply pumps,
pipelines, etc.

Quantity
53.603,51 €

DH pipeline, Energy
meters, etc.

1.722,56 €

Substation

Cost estimation for
the substation
detailed in
Total (€ / Building)

6.695,93 €

3.660 €

65.682 €

Economic metrics & Energy Pricing
Apart from the initial investment required in each case,
this paper explores the economic evolution of the system
against traditional benchmarks, in this case for obvious
reason, it is compared against CHP based DH without any
ST.
For this purpose, the operational costs along 20 years are
calculated and evaluated by different economic metrics.
The economic metric considered for this study are the
discount Net Present Value (dNPV) and the Return of
Investment (ROI). The equations that define each metrics
are the followings:
𝑇

𝑑𝑁𝑃𝑉 = ∑
𝑖=1

𝑅𝑂𝐼 =

𝑄𝑖
− 𝐼0
(1 + 𝑟)𝑖
𝑑𝑁𝑃𝑉
𝐼0

It is important to explain that all the calculation is made
with the cash flow differences between the system
proposed in this paper and the traditional benchmark. The
interest rate considered for this study is 5%, which can be
regarded as a conservative interest. This way, the obtained
results have improvement margin.
Moreover, the prices for the energy sources used for these
economic metrics are expressed in the following table.
The data for the energy pricing is obtained from (M.
Galindo, C. Roger-Lacan, U. Gährs and V. Aumaitre,
2016) and the price for the heat sold to the DH is estimated
to be from a 60% to the 90% of the real DH purchase heat.
In real case studies, the price for selling the heat to a DH
network must be agreed with the DH owner. In general,
this price is set by the quality of the energy sold to the DH,
referring to temperature range and security of supply by
mean of quality.
Table 3: Energy pricing for operational cost assessment.
Natural gas
(€/kWh)

DH heat
purchase
(€/kWh)

0,075

0,089

DH heat selling
(€/kWh)
60%
70%
80%
90%

0,0534
0,0623
0,0712
0,0801

Results
Following the same order as the methodology
aforementioned, the results obtained are presented
divided into two main groups. Energetic results and
economics metrics.
Energetic Results: Heat-Loads & Heat-Production
Firstly, the heat load for each building is presented with a
daily frequency and it is shown the dependency between
climatic variables and heating necessities and it can be
also seen how the constructive characteristics influence
the total heat consumption. For the sake of clarity, the
results are presented for singular buildings.

(3)
(4)

Figure 5: Heat-Load [kWh] vs ambient T [ºC] for the 3
building types B1, B2 & B3.
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From the solar simulation model in R, it is presented the
monthly solar production. It is shown the difference of
collectors’ performance, with different connection
schemes to the heat grid. These results are also shown in
building scale.

Figure 8: Detail of the first 5 years of the cost evolution.
Regarding the economic metrics, ROI is a relative value
for the dNPV, so that presenting these results the system
can be considered to be represented. In the following table
is resumed the ROI value for the case studies analysed in
this article.
Table 4: ROI values [-] for the case studies
Figure 6: Monthly Solar production in kWh in function
of connection scheme to DH.
Economic Results: Metrics
As mentioned in the method of coupling the heat loads,
solar energy production and heat from the ULT DH, the
economic evolution of the overall system is calculated by
mean of the economic metrics aforementioned.
As representative of the whole economic assessment
study, it is shown the evolution of operational costs along
20 years since the installation.

Figure 7: Cost evolution for the overall system along 20
years.
In next figure, and for shake of clarity, it is shown the
detail of the first 5 years of the operational costs’
evolution.

ROI Values

Supply

Return

BSF = 0%

1.21

2.35

Return AT
= 10 ºC
2.88

BSF = 50%

1.19

2.10

2.34

Discussion
In this work the possibility to incorporate unglazed solar
thermal collectors in the context of future ULT DH is
studied.
In general, the distributed solar thermal district heating
seems to be a promising solution to implement with
reasonable control strategies. The novel substation
presented in this paper enables heat transfer in both
direction, from the ST to DH and from DH to the building.
Local thermal storage is completely avoided, and the DH
pipeline enables heat delivery to the building and
injection from ST in moments of overproduction.
Regarding production levels, the unglazed collector
shows great performance levels when it is not obliged to
reach high temperatures. However, it is difficult for the
unglazed collectors to reach DH supply temperatures, at
least, in such climatic conditions. This is why, it is
necessary to couple it with other heat sources with higher
exergy level, such as high performance and locally
deployed heat pumps or just the DH itself.
Note the difference between solar production when
connecting to the supply line or to the return line. It can
be concluded with actual technology of unglazed systems,
that best results are obtained when the excess heat is
injected into the return line of the network and the
temperature of the fluid is controlled under restrictions
not to overtake a limit and maintain high efficiency levels
as much time as possible. When unglazed field is limited
up to a AT of 10ºC, the solar energy doubles the one
without limiting the temperature difference, reaching
maximum of more %200.
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As for the payback times of the overall system, from
figure 7 and figure 8 is concluded that in most cases the
payback time will round 3 years.
Regarding economic metrics, the presented case study
shows great feasibility if compared with DH without ST.
All the ROI > 0 means that feasibility of the overall
system converges to positive values and in most cases, the
ROI is significantly higher.
Although the ST collector field incorporates relevant
capital costs for the installation of the ST system, the
connection to the DH avoids the need for large heat
production systems to be installed for back-up, through
reducing investments in auxiliaries, and reducing
operational costs.
The main problem that may be faced by these installations
is the capacity of the DH return line to absorb heat from
ST when there are lots of distributed systems connected
to them. Although, in actuality, this problem does not
exist due to the development situation, in the future it will
need to be taken into account to avoid the collapse of the
DH network.

Conclusion & Further Work
This paper has studied the technical and economic
feasibility for the integration of unglazed ST collectors in
buildings, and its connection to DH infrastructure.
This activity will be extended within the EU h2020
project RELaTED (2017). Within this project, among
other activities, an unglazed ST system will be adapted for
DH operation and tested under a controlled test
environment in the north of Spain. This same system will
be integrated in up to 4 DH networks across Europe.
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Abstr act
PV/T panels are innovative systems increasingly used in
the building sector. Their energy production and overall
efficiency depend on several factors related to the shares
of electrical and thermal loads and to the working
temperature of the operating fluid. Therefore, an optimal
configuration should be found. In this work, a parametric
analysis was performed to provide a contribute on this
issue. The conclusive indications can be exploited by
designers and researchers, to maximize the efficiency of
the systems in relation to configurations and to both
electrical and thermal loads.
To this purpose a simulation model was designed and
implemented in a spreadsheet, using Visual BasicTM
functions.

Introdu ction
Nowadays, the energy policy of any country tries to
address a plurality of issues like energy security,
economic growth and environment protection (Michael
et al., 2015).
Considering these points of view, Renewable Energy
Sources, appear to be a valid solution able to flank or, in
particular situations, to entirely substitute fossil fuels.
Actually, the renewable energy sources are used to
supply only 14% of the world’s total energy
consumption (Panwar, Kaushik, and Kothari, 2011), but
their role is likely bound to increase because of the rising
fossil fuel prices, global warming and planetary
pollution problems which need to be addressed.
Solar energy, among all other available energy resources
may be considered as the most abundant, inexhaustible
and cleanest. As a consequence, the installed area of
solar technologies around the world is progressively
increasing (International Energy Agency (IEA), 2018)
with a pace that give us an idea about the unlimited
potential available in solar energy.
Many researchers around the world are developing the
system based on solar energy (Joshi and Dhoble, 2018) .
The major applications of solar energy can be classified
into two categories: solar thermal system, which
converts solar energy into thermal energy, and
photovoltaic (PV) system, which converts solar energy
into electrical energy. Usually, these systems are used
separately.
However, it is worthy of note that PV systems are not
able to exploit the whole spectrum of the terrestrial solar
radiation (0.25–2.5 µm) to generate electrical power. As

a matter of fact, most of the solar cell materials, respond
to a limited portion of the terrestrial solar spectrum.
Therefore, only the radiations corresponding to the
response range of the solar cell material are used by the
solar cell to generate electricity. The unused radiations
of the solar spectrum will dissipate their energy as heat
inside the solar cell. This heat dissipation causes the
thermal losses in the solar photovoltaic system, thereby
reducing its performance. The output of the PV cells
decreases when the operating temperature of the solar
cell increases. Thus, in order to have a better
performance, it is essential to maintain the low operating
temperature of the solar cells (Skoplaki and Palyvos,
2009).
Therefore, in order to achieve higher electrical
efficiency, the PV module should be cooled by removing
the heat. This goal is achieved when the PV module is
combined with a solar air/water heater collector. This
type of system is called solar photovoltaic thermal
(PV/T) collector. The PV/T collector produces thermal
and electrical energy simultaneously. Besides the higher
overall energy performance, the advantage of the PV/T
system lies in the reduction of the demands on physical
space and the equipment cost through the use of
common frames and brackets as compared to the
separated PV and solar thermal systems placed side-byside.
These features make PV/T systems suitable for building
installations, where the problem of limited usable
shadow-free space on building roof-tops could be
overcome by the high overall electrical and thermal
efficiency of a solar Photovoltaic Thermal (PV/T)
system, which combines the electrical and thermal
components in a single unit area. Consequently, PV/T
collectors are currently considered as a valid contribute
to the actual implementation of the nearly zero energy
buildings” (NZEB) concept (Attia et al., 2017)
(AbuGrain and Alibaba, 2017).
A significant amount of theoretical as well as
experimental studies on the PV/T systems has been
carried out in the last 30 years (Chow, 2010; Joshi and
Dhoble, 2018; Michael et al., 2015; Tyagi, Kaushik, and
Tyagi, 2012).
As a contribute to this topic, the parametric analysis
performed in this paper aims to provide indications
about the influence of the storage system on the
temperature of the working fluid and, therefore, on the
performance of the system. These indications can be
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exploited by designers and researchers, to maximize the
efficiency of the systems in relation to both electrical
and thermal loads and to the features of the water thank.
Specifically, the proposed analysis is composed of a
sequence of steps. Firstly, the system was outlined by
singling out its components and, for each component, a
mathematical model was developed to simulate the
involved physical phenomena. Successively, the
mathematical relations were implemented in a
spreadsheet, using Visual BasicTM functions. Finally, the
software was applied to assess the performance of the
PV/T system, by analysing each thermal and electric
energy contribution.
Several configurations were analysed; collector area,
dimension and insulation properties of the water tank
and thermal load configuration were changed in order to
examine the effect of the interaction of the system
components on the thermal and electric energy
generation and on the temperature of the working fluid,
which is a crucial parameter with a view to meeting the
requisites of the load.

exploits water as working fluid), it is more likely that the
, is nearer to the
actual temperature of the cell, ,
absorber temperature, tp, than it is to cell temperature of
the simple PV panel. Nonetheless, as a conservative
hypothesis from the perspective of electric production,
an average value was considered.
The cell temperature of the standard PV system
operating at the same condition of the actual PV/T plant,
, , is usually calculated by means of the well known
(Evans, 1981):
,

In correspondence of every calculation time step , the
,
PV collector, characterized by the efficiency
generates the power ̇ (W), whereas the thermal
collector, characterized by the efficiency , generates
the thermal energy per unit of time ̇ (W). ̇ (W) is
the global available thermal power, that is the power
which is globally at the load disposal, ̇ (W) is the
effective thermal power, namely the thermal power
which is actually sent to the thermal load ̇ . ̇ (W) is
the thermal flow which is discarded into the environment
through the envelope structure of the water storage. All
the cited thermal flows and correspondent formulas are
depicted in Figure 1.
The performance of the system was assessed under the
hypothesis that, due to the effect of the interaction
between absorber plate and PV cells panel, the actual
cell temperature ,
may be assumed equal to the
average value:
,

=

,

(1)

is the cell temperature which would
where
,
characterize the performance of a standard PV system
operating at the same condition of the actual PV/T plant.
The assumption was motivated by the following
considerations. The possible values of the cell
temperature of the PV/T panel are restrained within a
and tp. For the higher
range whose limits are: ,
inertia of the thermal component of the system (which

+

]

(2)

where:




is the Nominal Operating Cell Temperature
(°C);
is the air temperaure (°C);
is the solar irradiance on the panel surface
(W/m2).

Therefore:

System Modellin g
The hybrid system was modelled considering two
coupled components: a PV and a thermal collector.
Therefore, the governing equations were elaborated
considering the system depicted in Figure 1.

=[

,

= 0,5

+

+

(3)

where
is the temperature of the absorber plate,
assumed equal to:
=

,

,

(4)

where:


e , are respectively the inlet and the outlet
water temperature to the collector.
,

It was also assumed that:
- no fluid stratification occurs within the water tank,
so that the storage temperature tA is uniform
,
(perfect mixing hypothesis), therefore
, =
with
, outlet water temperature of the water
storage
- all the thermal loss within the water circuit are
negligible, so that:
,
, =
=
,
,
where , is the inlet water temperature to the
storage system; while
and
are,
,
,
respectively, the inlet an outlet water
temperature to the collector.
As regards the effective thermal power ̇ , namely the
thermal power which is actually sent to the thermal load
(L), ̇it was calculated considering that, when the thermal
energy production exceeds the thermal demand, only the
needed portion of the global available thermal power ̇
(Figure 1) is used to meet the load ̇ :
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Figure 1. Scheme of the analysed system.
̇

= ̇
̇ = ̇

̇ ≤ ̇
̇ > ̇

(5)

Moreover, it was also assumed that
̇

̇ <0

=0

(6)

Finally, the electrical efficiency of the panel is:
=

,

1−

,

− 25

(7)

Whereas, the thermal efficiency of the panel is:
,

=

−

−

-

(8)

, is the efficiency of the collector in
correspondence of the reference temperature
(25°C);
β is the temperature coefficient of the panel [%°C1
];
,
and
are parameters characterizing the
collector;
is the temperature of the absorber plate, assumed
equal to:

=

,

,

.

The model was implemented in a spreadsheet, using
Visual BasicTM function and macros, and a user-friendly
interface was designed for the code.
The code output consists of:











In order to analyse the performance of the system,
several configurations were patterned and simulated.
They are summarized in Table 1, which reports the
identification code (ID) of the case, the volume of the
water storage (Vs), the thermal transmittance of the tank
envelope (Us), the load type and the area of the panel
surface (Sp).
Table 1. Analysed configuratio ns.
ID

where:
-

Perfor med Analys is

cell temperature , ;
inlet and outlet water temperature to the
collector, , and , ;
water storage temperature ;
generated electrical power ̇ ;
generated thermal energy ̇ ;
global available thermal power ̇ ;
effective thermal power ̇ ;
thermal flow through the envelope structure of
the water storage ̇ .;
electrical efficiency
;
,
thermal efficiency , .

S1-U05-L0-V025
S1-U05-L0-V025
S1-U05-LC-V025
S1-U05-LC-V10
S1-U05-LV-V025
S1-U05-LV-V10
S1-U5-L0-V025
S1-U5-L0-V025
S1-U5-LC-V025
S1-5-LC-V10
S1-U5-LV-V025
S1-U5-LV-V10
S5-U05-L0-V025
S5-U05-L0-V025
S5-U05-LC-V025
S5-U05-LC-V10
S5-U05-LV-V025
S1-U05-LV-V10
S5-U5-L0-V025
S5-U5-L0-V025
S1-U5-LC-V025
S5-5-LC-V10
S5-U5-LV-V025
S5-U5-LV-V10

Vs
(m3)

0.25
10.0
0.25
10.00
0.25
10.00
0.25
10.0
0.25
10.00
0.25
10.00
0.25
10.0
0.25
10.00
0.25
10.00
0.25
10.0
0.25
10.00
0.25
10.00

Us
(W/m2°C)

0.50
0.50
0.50
0.50
0.50
0.50
5.00
5.00
5.00
5.00
5.00
5.00
0.50
0.50
0.50
0.50
0.50
0.50
5.00
5.00
5.00
5.00
5.00
5.00

Load
type

None
None
Constant
Constant
Variable
Variable
None
None
Constant
Constant
Variable
Variable
None
None
Constant
Constant
Variable
Variable
None
None
Constant
Constant
Variable
Variable

Sp
(m2)

1
1
1
1
1
1
1
1
1
1
1
1
5
5
5
5
5
5
5
5
5
5
5
5

Climate Data
Climate data (solar radiation and air temperature - Figure
2) were measured at the Mediterranean University
campus in Reggio Calabria (38°5.7' North Latitude;
15°39.3' East longitude).
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Solar radiation was measured by means of a CNR4TM net
radiometer (Kipp and Zonen), which, in turn, consists of
a pyranometer pair, disposed on the opposite surfaces of
the probe’s plane, and a pyrgeometer pair in a similar
conﬁguration.
Air temperature was measured by means of the Vaisala
WXT 530 weather station.
solar radiation Ib

∑

(9)

where
is the constant hourly thermal load,
variable hourly thermal load at time i.

is the

8

30

200

20
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Nov

Dec

Figure 2. Monthly horizontal solar ra diation and
monthly average air temperatu re
Th er mal load
The analysed thermal load consists in the energy demand
for Domestic Hot Water (DHW) for a flat of about 100
m2. It was assessed by means of the procedure reported
in the UNI/TS 11300-2 Standard (Ente Nazionale
Italiano di Unificazione, 2014).
Two load configurations were considered: variable and
constant.
In the variable configuration the daily load, calculated by
means of the UNI/TS 11300-2 Standard procedure, was
spread along the hours of the day according to the end
user profile, as reported in Figure 3, which refers to the
ratio between the hourly load and the daily load. It was
elaborated following the indication reported in
(AICARR, 2005).
30%

Daily thermal load (kWh)

7
250

Air temperature ta (°C)

Sorar radiation Ib (kWh/m2)

=

air temperature ta

300

6
5
4
3
2
1
0
1 12 23 3 14 25 8 19301021 2 1324 4 1526 7 1829 9 20311122 3 1425 5 16 27 8 19 30
Jan

Feb
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May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Figure 4 –Daily thermal load.
PV/T collector f eature s
The characteristics of the analysed system are reported
in Table 2.
Table 2. Characteristics of th e analysed panel.
PV pa nel featur es
Peak power (W)
NOCT (°C)
β [%°C-1]

Th er mal feature s

(W m-1 K-1)
(W2 m-2 K-2)

170
0.15
45.0
-0.4
0.500
4.58
0.00135

Results
Figure 5 and Figure 6 report the annual energy
production of the configurations corresponding to the
configurations in which
= 5
was considered.

25%

20%

1440
1420

15%

1400
1380

10%

Qe (kWh/year)

hourly load/daily load

In the constant configuration the annual load was
constantly allotted to each hour according to the
formula:

5%

1360
1340
1320
1300

0%
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
time

Figure 3 – Hourly distribution of the daily thermal load.
Successively, such load was statistically treated to obtain
a daily variant DHW demand. Specifically, an hourly
noise was added to make the load data more realistic:
each day’s load profile was perturbed by a random
amount, so that the load retains the same size, but is
scaled upwards or downwards.
The resulted time trend of the daily load is reported in
Figure 4.

1280
1260
1240
LC-V025 LC-V10 LV-V025 LV-V10

PV

LC-V025 LC-V10 LV-V025 LV-V10

U05

U05

U05

U05

-

U5

U5

U5

U5

S5

S5

S5

S5

S5
Case ID

S5

S5

S5

S5

Figure 5 – Annual electrical e nergy production
( = 5
).
Specifically, Figure 5, where the standard PV system
(PV-S5) is used as a reference (yellow bar), refers to the
electric energy , whereas Figure 6 refers to the global
available thermal energy .
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constant load (LC) and no-load (L0) configurations were
reported.
It can be noted that for the highest storage volume, the
water temperature is not always suited to comply with
the requisites of the load which needs water at a
temperature of 37°C at least.
Therefore, in this case the water storage can be exploited
to pre-heat the water, supporting the auxiliary heating
source.

80000
70000

Qu (kWh/year)

60000
50000
40000
30000
20000
10000
0
LC-V025 LC-V10 LV-V025 LV-V10

PV

LC-V025 LC-V10 LV-V025 LV-V10

U05

U05

U05

U05

-

U5

U5

U5

U5

S5

S5

S5

S5

S5
Case ID

S5

S5

S5

S5

Figure 6 – Annual thermal energy production
).
( = 5
It is worthy of note that the load configuration (constant
or variable) feebly influences both energy productions
which are more strongly affected by the storage volume
and the insulation properties of the tank.
On balance, as expected, larger tanks with higher
thermal transmittance values are to be preferred if
electrical energy production is the main goal of the
system.
As a matter of fact, both these conditions contribute in
reducing the cell temperature, thus enhancing the
efficiency of the PV system.
This conclusion may be inferred by the data reported in
Figure 7 and Figure 8, which depict, as an example, the
time trend of the cell temperature during the first six
days of the months of June and December.

Figure 8 – Cell temperatu re trend
;
= 5
).
( = 5

Figure 9 – Water Stora ge temperatu re
( =5
;
= 0.5
)

(

Figure 7 – Cell temperatu re trend
= 5
;
= 0.5
).

On the other hand, larger and less insulated tanks reduce
the amount of available thermal energy produced
annually (Figure 6). Nevertheless, it may be always used
to pre-heat the water that must be delivered to the load.
From this perspective the temperature of the water
storage plays a pivotal role. In fact, regardless of the
global amount of thermal energy annually available, it is
the temperature at which this energy is provided that
influences the system capacity to meet the load.
The time trend of the water storage temperature is
depicted in Figure 9 and Figure 10 for the first six days
of both June and December. Reported data refer to the
=5
configuration. For comparison purposes, both

Figure 10 – Water Stora ge temperatu re
( =5
;
= 5.0
)
= 1
Annual energy production for the
configurations are reported in Figure 11 and Figure 12.
In this case, on average, the electrical production of the
PV/T system is always about 5% higher than the one
provided by the standard PV. The storage configuration
seems to have a slender influence on this behaviour, also
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demonstrated by the cell temperature time trend (Figure
13 and Figure 14).
As far as the annual thermal energy production is
concerned, it may be noted how it rises with the storage
volume.
290
285

Qe (kWh/year)

280
275
270
265
260

Figure 13 – Cell temperatu re trend
( = 1
;
= 0.5
).

255
250
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Figure 11 – Annual electrical energy production
).
( = 1
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Figure 14 – Cell temperatu re trend
( = 1
;
= 5.0
).
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Figure 12 – Annual thermal energy production
).
( = 1
The contribute of the thermal flows through the tank
envelope play a pivotal role within this context. As a
matter of fact, during spring and summer periods these
flows heat up the water storage, so that if both the
dimension and the thermal transmittance of the tank
envelope are increased, the water undergoes an
additional heating that is able to compensate the reduced
production from the panel.
Figure 15, which depicts, as an example, the time trend
of the thermal flows through the tank envelope during
three days of August for the two analysed thermal
transmittance configurations and V=10 m3, makes this
phenomenon even more evident.
However, as regard to the water temperature, it may be
concluded that, on average, it is not suited to comply
with the requisites of the load which needs water at a
temperature of 37°C at least. This conclusion can be
drawn from the analysis of the data reported in Figure
16, which depicts the water storage daily average
temperature for two configurations of the tank insulation
properties

U5-LC-V10

0.4
water storage termal flow Qd (kWh)

PV

0.2
0
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
-0.2

13

14

-0.4

15

Aug

-0.6
-0.8
-1
-1.2

Figure 15 – Thermal flows through the tank envelope
( =1
).
Therefore, the water storage can be exploited to pre-heat
the water, thus supporting auxiliary heating source.
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Figure 16 – Water Stora ge daily average temperatu re
( =1
).
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Conclus ion
The paper illustrates the results of a parametric analysis
which aims to provide indications about the influence of
the system configuration on the temperature of the
working fluid and, therefore, on the performance of PVT
systems. These indications can be exploited by designers
and researchers, to maximize the efficiency of the
systems in relation to both electrical and thermal loads
and to the features of the water storage.
In order to simulate the system performances a specific
code was elaborated and implemented in a spreadsheet,
using Visual BasicTM function and macros.
Results seem to demonstrate that, from the perspective
of the yearly electrical energy production:
• the water storage configuration plays a pivotal role
when the largest collector surfaces are involved; in
this case, the water storage configuration is crucial
to dissipate the heat from the PV cells and to
improve the collector efficiency;
• the water storage influence is negligible for the
system configuration which involves the smallest
collector area; in this case, the excess heat is
removed efficiently from the PV cells regardless
the water storage dimension or insulation properties
of the tank.
As far as the thermal production is concerned, it can be
stated that:
• both the smallest collector area configuration and
the largest one allowed the PVT system to act as a
pre-heating device supporting the auxiliary heating
source;
• the most efficient configuration demonstrated to be
the one with the largest collector area and the
smallest and most insulated storage which allowed
the highest water temperature to be reached,
especially during spring-summer seasons;
• in the case of the smallest collector area
configuration, the highest thermal production was
obtained with the largest and less insulated water
tank; this configuration, as a matter of fact, made
the heat flow through the tank envelope rise; owing
to both the mild outdoor air temperature
characterizing the site, the phenomenon caused the
intensification of the heat gains through the tank
envelope which acted balancing the limited
production of the small thermal collector, thus
raising the water temperature.
In conclusion, the selection of the best configuration
depends on the purpose that is to be fulfilled.
When the electrical load has priority over the thermal
one, larger collector area may call for larger and less
insulated water tank both to enhance the cooling effect
and to improve the system performance; but this does
not happen when smaller collector surfaces are involved:
in this case the water storage configuration demonstrated
a negligible influence on the electrical power generation.
On the contrary, when thermal load has priority over the
electrical one, heat production needs to be maximized.

The water storage configuration which allows this
objective to be reached depends on the collector size.
For the considered climate conditions, the reduced heat
production from small collector area may be improved
with larger and less insulated water storage tanks.
Conversely, when large collector areas are involved, the
heat production rises when smaller and more insulated
water storage tanks are installed.
In this case, the limit to the reduction of the water
storage size is determined by the necessity of not
compromising the needed cooling effect of the PV cells
and the consequent electrical power production.

Nomenclature
G

water flow (kg/s).
solar irradiance on the panel surface (W/m2);
parameters characterizing the collector (nondimens.);

,

thermal load (W);
Nominal Operating Cell Temperature (°C);
̇

thermal flow which is discarded into the
environment through the envelope structure of
the water storage (W);
̇

̇

generated electrical power (W);
̇

generated thermal power (W);
̇

global available thermal power, namely the
power which is globally at the load disposal
(W);
effective thermal power, namely the thermal
power which is actually sent to the thermal load
(W);
area of the panel surface (m2);
air temperaure (°C);

̇

Sp

,

storage temperature (°C);
cell temperature e of a standard PV system
operating at the same condition of the actual
PV/T plant (°C);

,

actual cell temperature of the PV/T collector
(°C);

tA

inlet water temperature to the storage system
(°C);

,

,

outlet water temperature of the water storage
(°C);
inlet water temperature to the collector (°C);

,

outlet water temperature to the collector (°C);

,

tp

temperature of the absorber plate (°C);

Gree k Symbols
β
temperature coefficient of the panel (%°C-1);
parameter characterizing the collector (nondimens.);
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,

electrical efficiency (non-dimens.);
efficiency of the thermal collector in
correspondence of the reference temperature
(°C);

,

thermal efficiency (non-dimens.).
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Abstract
This paper analyses the possibility using a reflector of to
improve the solar power output on buildings. Polished
aluminium was selected as the most practical reflective
material to be integrated on buildings due to various
properties including relatively high albedo level,
corrosion resistance and thermal conductivity. The
material was simulated at optimized angles with respect
to the sized Photovoltaic (PV) array while also putting the
location under considerations. This strategy provides an
annual average of 34.86% escalation in irradiation and
resulted in an increase in power output by 53 % for the
PV panels. The relative space saving was evaluated to be
34.65%.

Introduction
As the world population continues to expand, our reliance
on energy is proportionally increasing and harnessing
energy to maintain our basic standard of living in our
buildings. And it is becoming more and more challenging
(Lynn, 2010; Chen, 2011). Further, we have to ensure that
we are producing energy in a clean and sustainable
manner. In the 21st Century, Solar Energy has been the
forefront candidate as a source of clean Energy especially
as we are becoming increasingly capable of improving the
power output efficiency while simultaneously reducing
cost of production (Lynn, 2010; Mackay, 2015). Solar
panels are also easily accessible as they can be directly
mounted in buildings and not necessarily in remote areas
such as other power plants (Chen, 2011; Lasnir and Ang,
1990).
Photovoltaic (PV) cells is what is employed for
converting the solar irradiance into electricity by utilizing
semi-conductors such as Silicon. Solar Irradiance is the
power per unit area received from the sun in the form of
radiation (Goswami, 2015). Photovoltaic panels increase
their power output in direct proportionality to irradiance
and inversely to temperature (Lasnir and Ang, 1990).
However, extracting solar energy can be challenging as
the earths position relative to the sun is continuously
shifting as we move from day to night and as we navigate
through the seasons in one calendar year (Mackay, 2015).
Furthermore, due to the tilt of our globe on its axis,
regions that are located north or south to the equator do
not obtain high irradiance from the sun compared to
regions positioned near the equator (Chen, 2011).

A PV panel placed for example on the roof of a building
receives three types of radiation from the sun; direct beam
that was able to make it directly from the sun, diffused
radiation that has been refracted by the clouds and finally,
reflected radiation which collides any surrounding surface
and further reflects back to the panels (DGS, 2013). In this
paper we will focus on the latter type of radiation.
According to studies, each material has a specific
Reflective radiation index (or Albedo Value, A) (Crawley
2016). This value is 1 for fully reflective materials and 0
for fully absorbing materials. Note that a black tarmac and
a snow covered ground have an albedo value of ~0.1 and
0.6 respectively (World of Physics).

A=

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟

(1)

The initial objective of this research is to find reflective
material that is practical to mount on buildings based on a
specific set of criteria.
The other and main objective is to strategically place the
reflector at an angle with respect to the PV panels in order
to obtain better irradiance from the sunlight and this will
consecutively increase the power output efficiency. The
new power output will finally be compared to
conventional PV panels without reflectors.
Due to the low irradiance level of countries located north
of the equator; we will be looking at buildings specifically
in Calgary, Canada as our subject of research. It is also
important to re-mention that extracted power output of PV
panels is inversely proportional to temperature and colder
countries with a low ambient temperature will have an
advantage as the reflectors will cause an increase in the
temperature of the panels (Arlas et al, 2015).

Methods
The initial step was to properly setup the conventional PV
panels, as the main research and analysis is to be
implemented based on their simulated position. The PV
sizing process will further depend on the geographical
location of the PV panels. Another deciding factor will be
the season, and whether we are considering the summer
or winter solstice, as the suns positions over the sky will
vary depending on the time of year. The next step is to
identify the power consumption in order to standardize
the analysis. For this purpose, the consumption of an
average Calgary home was considered. Reflective
material selection was based on a weighted set of criteria.
The most weight was undoubtedly given to the reflectivity
of the material, however due to this research also putting
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into consideration the applied nature of the reflectors,
other weighted criteria that can envelope practicality were
introduced and the final choice was made on a cumulative
value of these set conditions. The positioning of the
reflector was based on the daily motion of the sun (East
to West). The size of the reflector also put into
consideration the angle of the incident and reflected rays.
The additional radiation was calculated by utilizing the
equation for Reflected Radiation on Tilted surface which
took into consideration: Tilt Angle of Panel, Tilt angle of
mirror, Average Daily Global Radiation and Albedo level
of Reflector. The new irradiation value on the panels was
used to calculate the new power output of the panels.
Finally, space saving was also calculated based on the
new number of PV panels that were achieving the initial
required power output.

Simulation and analysis
For the setup of the PV panels the geographical location
of Calgary Canada, was identified as follows:
Latitude: 51°North
Longitude: 52°West
Further two specific orientations were considered:
Azimuth – Compass angle of the Sun as it moves from
East to West over the course of the day (True South = 0°).
Zenith – This is the angle of the sun looking up from
ground level at the horizon. This angle varies throughout
a calendar year.
Initially considering the azimuth and due to the fact that
our subject location is in the northern hemisphere the
panels will be facing towards the south and towards the
equator. Further based on the Zenith, the National
Aeronautics and Space Administration (NASA)
Meteorology Database (NASA, 2018) was utilized to
obtain the perpendicular alignment of the sun with the PV
panel in the varying solstice. For the sizing of the PV
panels, parameters was based on the average household in
Calgary, Canada, with a Home Size of 185 𝑚2 , 4
Occupants and 20 kWh Consumption per day.
Longi PV Panels were selected for this research, with the
below specifications:
Power
= 350W
Impp
= 9.16A
Vmpp
= 38.2V
Efficiency = 17%
Area
= 1.9𝑚2
Irradiance Level and average Temperature for all the
months was considered (NASA, 2018).
The 𝑃𝑝𝑣 array watt peak is further calculated using
the below equation (DGS, 2013).
𝑃𝑝𝑣 (𝑊𝑝 ) =

𝐷𝑎𝑖𝑙𝑦 𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑍1 ×𝑍2 ×𝑉𝑇

where,
𝑃𝑝𝑣 = PV Array, Watt Peak
𝑍1 = Radiation at Optimum Angle

(2)

𝑍2 = Temperature Correction Factor
𝑉𝑇 = 𝑉𝐿 × 𝑉𝐴 × 𝑉𝑢
𝑉𝑇 = Overall Loss
𝑉𝐿 = Cable Losses
𝑉𝐴 = Mismatching Losses (e.g. Lack of MPPT)
𝑉𝑈 =Conversion Losses (e.g. From Battery)
In order to identify the number of PV panels required for
mounting, the Total Watt Peak of the array is divided by
the rated output of the PV panels.
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑉 𝑃𝑎𝑛𝑒𝑙𝑠 𝑅𝑒𝑞. =
𝑇𝑂𝑇𝐴𝐿 𝑊𝑝 𝑅𝑎𝑡𝑖𝑛𝑔

(3)

𝑅𝑎𝑡𝑒𝑑 𝑂𝑢𝑡𝑝𝑢𝑡 𝑊𝑎𝑡𝑡 𝑃𝑒𝑎𝑘 𝑜𝑓 𝑃𝑉 𝑃𝑎𝑛𝑒𝑙𝑠

Further the space required for mounting can be calculated
by (Fox, 2010):
𝑆𝑝𝑎𝑐𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑉 𝑃𝑎𝑛𝑒𝑙𝑠)(𝐴𝑟𝑒𝑎 𝑜𝑓 1 𝑃𝑉 𝑃𝑎𝑛𝑒𝑙)
(4)
Reflective material selection was based on a weighted set
of criteria. The set of criteria in an order of highest
weightage factor were as follows:
Table 1: Reflective material weightage factor
Criteria

Weight

Albedo

10

Density (Weight)

9

Fragility

9

Corrosion
Resistance

9

Thermal
Conductivity

8

Optimum Reflector Position and Size
The positioning of the reflectors was based on the daily
motion of the sun (East to West) and due to the static
nature of the reflector, optimal facing position was south.
Further, in specular reflection, the reflected ray has the
same angle to the normal as the incident ray (Fox, 2010).
The angle at which the rays will hit the reflector can be
maximized by increasing the reflector material size.
However, for practicality, the size of the reflector is
recommended to be max. 1.5x the size of the panel.
Optimum Reflector Angle
To analyse the Reflected Radiation on a Tilted surface and
to calculate the optimum angle of the reflector with
respect to the PV panel, the below equation was applied
(Khorasanizadeh et al, 2013).
𝐻𝑅, 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 =
𝐻𝑔 𝑅𝑑,𝑟𝑒𝑓𝑙. 𝜌𝑚

(1−cos(𝛼+𝛽))

𝑅𝑑 =
where, ρm =

2
(1+cos(𝛼))
2

(5)

(6)

Reflectivity of Reflector

β = Tilt Angle of Panel (to horizontal)
α = Tilt angle of Reflector (to horizontal)
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Hg =Average Daily Global Radiation
The total radiation on the PV Panel with and without
reflector is further considered with eq. (7) and (8)
(Mackay, 2015, Chen, 2011, Khorasanizadeh et al, 2013,
Vidanalage, 2016)
𝐻𝑇𝑜𝑡𝑎𝑙 = 𝐻𝐷𝑖𝑟𝑒𝑐𝑡 + 𝐻𝐷𝑖𝑓𝑓𝑢𝑠𝑒𝑑 , (7)
𝐻𝑇𝑜𝑡𝑎𝑙 = 𝐻𝐷𝑖𝑟𝑒𝑐𝑡 + 𝐻𝐷𝑖𝑓𝑓𝑢𝑠𝑒𝑑 + 𝐻𝑅,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟
(8)
The new power output is calculated by utilizing the below
equation along with the new irradiation level and
compared to the initial power output.
New Power Output= (# 𝑝𝑎𝑛𝑒𝑙𝑠) 𝑥 (𝑊𝑝 𝑃𝑎𝑛𝑒𝑙) ×
ℎ𝑜𝑢𝑟𝑠
𝑑𝑎𝑦

(𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑜 1000

𝐾𝑊ℎ
𝑚2

)×

(𝑇𝑒𝑚𝑝. 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟) × (𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑠𝑠 𝐹𝑎𝑐𝑡𝑜𝑟)
(9)
And finally the space saving is computed by using
equation (10) (Mackay, 2015, Chen, 2011, Callister and
Rethwisch, 2011):
(𝑆𝑝𝑎𝑐𝑒 𝑆𝑎𝑣𝑖𝑛𝑔 ) = (𝐴𝑟𝑒𝑎 𝑜𝑓 𝐿𝑜𝑛𝑔𝑖 𝑃𝑉 𝑃𝑎𝑛𝑒𝑙) ×
(𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑛𝑒𝑙𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑤𝑒𝑟 𝑠𝑎𝑣𝑒𝑑)
(10)

Results
Three reflective materials were ultimately chosen as
candidates for comparison; ‘glass mirror’, ‘polished
aluminium’ and ‘reflector coated Polytetrafluoroethylene
(PTFE)’. The below tables (2-4), show the evaluated
results for these three reflective materials (Callister and
Rethwisch, 2011; Jorgensen, 1994).
Evaluating the first material, glass mirror, and analysing
table 2, very high specular albedo level is observed.
Further analysis show its density and weight is also quite
favourable. However, it’s drastically fragile and has a low
thermal conductivity.
Table 3: Material evaluation, Glass mirror

albedo level, and a slightly higher density. However, it
has a very low fragility, high corrosion resistance and
extremely high thermal conductivity.
Table 2: Material evaluation, polished aluminium
Max.
Criteria

Weight

Polished
Aluminum

Weight

Albedo

10

0.65-0.75
(Specular)

7.5

Density
(Weight)

9

2770 kg/m3

7

Fragility

9

Low

9

Corrosion
Resistance

9

High

8

Thermal
Conductivity

8

39 W/m.K

7

Total

45

38.5

Gauging the last contender, reflector coated PTFE (table
4), superiority in all criteria is observed, however it lacks
significantly in one specific departments which is thermal
conductivity which is a very important factor as we are
dealing with the sun and heat.
Comparing the total criteria weight of all three materials,
the polished aluminium had the best overall result while
putting all the conditions into consideration and making it
ultimately the best candidate for integrating reflectors to
the building mounted PV panels.
Table 4: Material evaluation: reflector coated Teflon
Max.
Criteria

Reflector

Weight

Weight
Criteria

Albedo

Max.
Weight

Glass Mirror

10

0.72-0.85
(Specular)

8.5

Weight
Albedo

10

0.8 (Specular)

8

Density
(Weight)

9

2170 kg/mˆ3

9

Density
(weight)

9

2500 kg/mˆ3

8

Fragility

9

Low

9

Fragility

9

High

2

Corrosion
Resistance

9

High

8

Corrosion
Resistance

9

High

8
Thermal
Conductivity

8

0.2 W/m.K

2

Total

45

Thermal
Conductivity

8

Total

45

1.7 W/m.K

4

30.5

Further assessing, the second material candidate, polished
aluminium (table 3), we see that it has a reasonable high

36

Reflector Optimum Angle:
In order to select the optimum position for the reflective
material, MATLAB was used to compute the results from
1 -180°with the below equation to obtain the maximum
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irradiance angle. Figure 1 shows schematic of PV array
with integrated reflector.
𝐻𝑅, 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 5.9 𝑀𝐽/
𝑚2

(1+cos(𝛼))
2

(0.75)

(1−cos(𝛼+63°))
2

minimize the PV panel size because the reflectors added
help to generate more electricity.

(11)

Accordingly the maximum radiation was achieved at an
angle of 𝛼 = 44°, with the below increased reflected
radiation value.

Figure 3: Performance of PV size required with/without
reflector

Figure 1: Schematic of PV Array with integrated reflector
Comparison of total irradiation on the panel is further
made with and without reflector.
Figure 2 and 3 show the performance of PV system with
or without reflectors in the yearly environmental
condition, at Calgary in Canada. This study assumed that
required solar power generation from PV panel is 20 kW
in a residential building.

Annual Calgary weather presents sunny summer season
but cold, snowy and long winter season. solar radiation
quantity in winter season is quite limited to generate
electricity by using PV panel. Therefore, in winter season,
much larger PV panel size is necessary to generate the
solar power of 20 kW. However, PV reflectors can
contribute to minimize the PV panel size because the
reflectors added help to generate more electricity.
Reflectors can increase solar radiation, kwh around 53 %
and has impact on increasing PV panel size around 34.65
%. The reflectors price is relatively cheaper than PV
panel, and the reflectors can be used as a shading windows
in summer season, thus adding reflector has much more
economical benefit compared to installation of PV panel
additionally.

Conclusion

Figure 2: Performance of PV system with/without
reflectors
This study calculated actual PV panel size (m2) to
generate the solar power, 20 kW for a single residential
building based on annual solar radiation. And this study
also analyses the PV performance in a building where
located in Calgary in Canada as a case study. Annual
Calgary weather presents sunny summer season but cold,
snowy and long winter season. solar radiation quantity in
winter season is quite limited to generate electricity by
using PV panel. Therefore, in winter season, much larger
PV panel size is necessary to generate the solar power of
20 kW. However, PV reflectors can contribute to

Based on a weighted set of criteria, polished Aluminium
was identified as the finest reflective material with a
reasonable albedo level and practical set of properties for
mounting on buildings. Further with the introduction of
strategically placed polished aluminium around PV
panels located in regions with low irradiance levels such
as Calgary, Canada, we saw an annual average increase in
Irradiance of 53 %. This further translated in an increase
in Power output of 34 %. Due to less panels required for
providing the same output, there was space saving of up
to 34.65 %. This could further be utilized to add more
panels and more clean power, or otherwise could be an
added advantage for buildings with space limitations.
Reflectors, overall were a valuable addition to the PV
System, allowing buildings to produce and consume more
clean energy.
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Using Clustering Techniques to Optimize Panel Grouping for Large PV Arrays with
Non-uniform Orientation and Shading Obstructions.
1

Andy McNeil1
Independent Researcher, Oakland, CA, USA

Abstract
This paper demonstrates a clustering method for
grouping PVs of arbitrary orientation affected by nonuniform local shading. For a project with 44,000 PV
panels cladding doubly curved roof surfaces, every panel
has a unique orientation. In addition, clerestory windows
cause non-uniform near-field shading. The combination
of curvature and shading causes every panel to receive a
different amount of irradiance at any time. The PV panel
with lowest output (lowest irradiance) in a MPPT string
limits the output of the whole string. The method for
grouping 44,000 PV panels into 296 MPPT strings
affects the total annual energy producing. The PV array
grouped with clustering generated 7.7% more energy
annually compared to the same array grouped in a simple
grid.

Introduction
Figure 1 shows a roof plan of the building to have a PV
clad roof. There are 52 diamond or triangle shaped roof
bays. Each roof bay is curved in two dimensions.
Clerestory windows along the intersection between some
roof bays cause shadowing on some panels of the lower
bay.
N

Figure 1: Roof plan showing bay numbering scheme.

Figure 2: Rendering of CAD model of roof surfaces.
Gray surfaces are tiled PV panels. Cyan surfaces are
clerestory windows. Clerestory windows are vertical,
and not visible in plan view.
When estimating the annual energy produced by the
rooftop PV we are faced with the following challenges:
• clustering 1,200 PV panels per roof bay into eight
groups
• simulating 1,200 unique PV orientations per roof bay
• accounting for shading from clerestories
These challenges were overcome for this project using a
combination of k-means clustering, PVWatts for PV
simulation, and Radiance for time varying shade factors.
Clustering is a means of dividing objects into groups
based on shared similarity. There are many techniques
for clustering, the most common being k-means (Jain et
al., 1999). The k-means algorithm clusters objects into
groups based on distance from the object to the cluster
centroid in n-dimensional Euclidean space. Objects are
placed into the cluster with the closest centroid (in a
Voronoi like manner), and cluster centroids are
modulated to minimize the summed squared distance
between objects and the cluster centroid. Other
clustering techniques consider measures such as distance
to nearest object in a cluster (rather than cluster
centroid), or consider aspects other than distance to
define clusters, such as Gaussian lobe fitting.
PVWatts, is perhaps the most full featured means for
simulating annual PV energy production (Dobos, 2014).
The online PV simulator accounts for many conditions
affecting PV output, including hourly PV operating
temperature and angle of incidence correction for PV
module cover reflectance. However PVWatts can only
account for shading with a single shade factor that is
uniformly applied to the whole year.
Radiance is a lighting simulation program that can
perform ray-tracing simulations on arbitrary geometry
generated in CAD software (Ward and Shakespeare,
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1998). Radiance’s daylight coefficient simulation
capability and matrix based coefficient storage and
arithmetic operators allows for efficient annual
simulation of irradiance.

Background
Substantial research exists on performance of partially
shaded PV arrays and electrical methods for optimizing
output. Patel and Agarwal (2008) and Sera and
Baghzouz (2008) developed models for simulation of
partially shaded PV arrays. Dolara et al. (2013)
performed an expiramental investigation on partial
shading providing data useful for further developing
simulation models for PV output.
Wang and Hsu (2011) simulated partially shaded PV
systems, modelling different electrical connection
architectures under various types and levels of partial
shading. They identified total-cross-tied (TCT)
configuration to preform best by most measures.
However their analysis focuses on electrical connections
in a small system of PVs with no need for electrical
subgrouping.
The assumption for most research is that all PV panels in
a system have uniform orientation, receiving the same
insolation when not shaded. BiPV on curved building
surfaces causes variation in insolation across a PV
system. Cheng’s master’s thesis (2009) developed
methods for optimizing the shape of curved BiPV
surfaces to increase output.
Existing research largely focuses on developing models
for partially shaded PV systems and evaluating electrical
configurations to optimize output under partially shaded
conditions, and optimizing curved shapes to maximize
PV production. I was unable to find any research dealing
specifically with the task of grouping PV panels in a
very large PV system to reduce occurance and severity
of partial shading insolation varition within groups.

Methods
• Step 1 – Group PVs based on irradiance profile
• Step 2 – Estimate hourly energy production of PV
roof
The least producing panel on the string limits the output
of each MPPT. The optimal zoning groups panels with
similar production profiles.
PV Grouping
Each roof bay has 2-8 MPPTs, depending on the size of
the bay. Each panel on the roof is connected in a string
to one of the MPPTs. Each MPPT can serve 35 - 312
panels. However, each MPPT has a 15kW max output.
When the power produced by panels exceeds the max
output for the MPPT, the additional power is lost. To
avoid exceeding 15kW the maximum number of panels
is reduced to 220. Based on these constraints, we
restricted group sizes between 35 and 220 PV panels per
MPPT.
The PV panels in a bay were grouped based on
irradiance profiles for the following six sunny days
extracted from TMY weather data: Dec, 23, Jan 21, Feb

25, Mar 24, Apr 21, May 21, Jun 27. Using a text editor,
the hourly data for the six selected days, and the header
were extracted from the site TMY data file, and placed
into a truncated weather file. The Radiance program
‘gendaymtx’ created a sky matrix from the truncated
weather file. The –O1 option is used with gendaymtx to
generate a skymatrix of total solar radiance. Following is
the Radiance command for generating the sky matrix for
panel grouping.
gendaymtx -m 4 -O1 sky/sunnydays.wea >
sky/sunnydays.smx

To start, a script places an analysis point is placed at the
center of each PV panel in the Rhino model. The
coordinates of the points are exported to a text file. Then
to find the facing angles of each panel, the Radiance
program ‘rtrace’ was used to trace a ray originating 10
mm above the analysis point in the –Z direction. Rtrace
returned the normal direction of the intersected surface
(the PV panel). The analysis point and surface normal
are written to a separate text file for analysis.
rcalc -e ‘$1=$1; $2=$2; $3=$3+0.01; $4=0; $5=0; $6=-1’ \
panelcenters_${baynum}.txt | \
rtrace -faa -opn panel_model.oct \
> analysispoints_bay${baynum}.txt

Then the following ‘rfluxmtx’ command creates a
daylight coefficient matrix using the analysis points. The
daylight coefficient matrix uses the Reinhart M4 sky
subdivision, with 2305 sky patches.
rfluxmtx -I+ -y $numpts -ab 12 -ad 50000 -lw 1e-10 \
< analysispoints_${baynum}.txt – skyfile.rad \
geom/mat.rad geom/roof.rad \
> daylightcoefficients_${baynum}.dcx

The daylight coefficient matrix and the sky matrix are
multiplied using the Radiance program ‘rmtxop’. The
output of rmtxop is an irradiance matrix containing 73
irradiance values (each hour over the six sunny days) for
every panel. The 73 irradiance values are considered to
be a profile that characterizes patterns of the irradiance
observed by each PV panel on sunny days.
rmtxop daylightcoefficients_${baynum}.dcx \
sky/sunnydays.smx | \
rmtxop -ff -c 0.34 0.33 0.33 - \
> irrad_clusterset/bay_${baynum}.out

The PV panels are grouped into natural clusters based on
the irradiance profile using k-means clustering with
octave (an open source computing environment similar
to Matlab). The k-means clustering algorithm groups
elements based on proximity in n-dimensional Euclidean
space. Of the clustering methods considered, k-means
was selected because clustering PV panels based on sum
of squares difference in irradiance seemed to be
consistent with our goal of grouping panels with similar
temporal irradiance profiles. The following octave script
was used to perform the initial k-means clustering on the
73-dimensional irradiance vectors.
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#! /usr/local/bin/octave –qf
pkg load statistics
infile = argv(){1};
numclust = str2num(argv(){2});
outfile = argv(){3};
A=dlmread(infile);
[numpts,numdims]=size(A);
[idx, centers]=kmeans(A,numclust);
csvwrite(outfile,idx);

With k-means clustering the user can specify the number
of groups to be formed, but cannot constrain the size of
each group (neither maximum nor minimum size). Of
the other clustering algorithms considered, none allow
users to constrain the size of resulting groups. In many
of the 52 bays, the clustering result violated the size
constraints outlined above. To resolve the cluster size
violations, an iterative process reassigned panels to a
new group based on Euclidean distance in 73dimensional hyperspace. The iterative process followed
the following steps:
1. Compute the centroid of each cluster (in 73dimensional hyperspace).
2. For each group with more than 220 panels, starting
with the largest group, move panels furthest from
the group centroid to their next closest cluster until
there are 220 panels in the group. If no groups
exceed the maximum constraint, starting with the
smallest group, find panels in the other group
closest to the centroid of the small group in other
groups and move panels into the small group until
the number of panels in the small group reaches 35.
3. Recompute cluster centroids for the new panel
assignments.
4. Move all panels to the cluster with the closest
centroid.
5. Check the size of all clusters, if they violate size
constraints, then repeat beginning at step 1.
Although step 4 undoes a lot of the reassignment
performed in step 2, it ensures that each panel prefers its
assigned cluster to all other clusters in the roof bay. With
enough iteration, the cluster centroids shift, and the
panel groupings conform to the size constraints.
Surprisingly, the general pattern of the initial k-means
clusters remains apparent after iterative reassignment.
Annual PV simulation
The second step is to determine the approximate annual
output of the rooftop PV array. We used a combination
of PVwatts and Radiance to simulate the annual
production of the PV arrays.
PVWatts takes the orientation (azimuth and tilt angles),
panel type, size, and location as input and provides
annual and hourly energy production as output. PVWatts
computes hourly solar irradiance on the PV panel,
calculates the reflective losses based on module cover
and solar incidence angle, calculates the cell temperature
based on environmental and cell parameters, and from
the calculates the DC output of the system. The ability to
calculate cell temperature based on ambient temperature,

wind speed, insolation, and panel characteristics is a
major benefit to the PVwatts method.
PVwatts does not have the ability to input shadowing
geometry or a shadow schedule, only an annually
uniform shade loss, which can be included in the system
losses factor (with soiling, age, light-induced
degradation, and other loss factors). The roof studied has
substantial self-shading for some panels near the
clerestory that is non-uniform in time (heavily shaded at
some times and not shaded at others). Our method used
Radiance simulations to account for temporally nonuniform shadows from the roof geometry.
The hybrid PVWatts-Radiance method starts by calling
the PVwatts API to return hourly irradiance and hourly
DC output values individually for each panel in a group.
The hourly irradiance values were only used to verify
consistency between PVWatts and Radiance for
unshaded panels. The hourly DC values were put into a
Radiance matrix format, where a row represents each PV
panel and contains hourly output values for the whole
year. The matrix file contains the appropriate header
describing the number of rows, columns, and
components in the matrix. The following python code
uses the requests library to call the PVWatts API and
generate a Radiance formatted matrix file for all the
panels in a group.
import requests, json
irrad = open( irrad_matrix_filename, 'w' )
dc = open( dc_matrix_filename, 'w' )
irrad.write('#?RADIANCE\nNROWS={}\nNCOLS=8760\nNC
OMP=1\nFORMAT=ascii\n\n'.format(num_panels))
dc.write('#?RADIANCE\nNROWS={}\nNCOLS=8760\nNCO
MP=1\nFORMAT=ascii\n\n'.format(num_numpanels))
url = 'https://developer.nrel.gov/api/pvwatts/v5.json'
params = dict(
api_key = secret_key,
file_id = '1-745090',
system_capacity = 0.085,
azimuth = 180,
tilt = 0,
array_type = 0,
module_type = 0,
losses = 14,
inv_eff = 96,
dc_ac_ratio = 1.1,
timeframe = 'hourly' )
for panel in group :
params['tilt'] = panel[‘tilt’]
params['azimuth'] = panel[‘azimuth’]
resp = requests.get(url=url, params=params)
data = json.loads(resp.text)
irrad_writer.writerow(data['outputs']['poa'])
dc_writer.writerow(data['outputs']['dc'])
irrad.close()
dc.close()

Then we generate a sky matrix for the entire year using
the same TMY weather data used by PVWatts and
simulate the hourly irradiance for all panels with and
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without obstruction using the Radiance rfluxmtx method
described in the previous section. The following
commands were used to generate the shaded hourly
irradiance values. The unshaded irradiance matrix is
generated with the same commands above omitting the
underlined model files.
gendaymtx -m 4 -O1 sky/Moffett.wea > sky/Moffett.smx
rfluxmtx -faf -w -I+ -n 8 -y $numpts -ab 1 -ad 200000 -lw
1e-10 \
< analysispoints_${baynum}-${groupnum}.txt \
- $skyfile geom/mat.rad geom/roof.rad \
> DCX/shaded_${baynum}-${groupnum}.dcx
rmtxop -ff DCX/shaded_${baynum}-${groupnum}.dcx \
sky/Moffett.smx | \
rmtxop -ff -c 0.34 0.33 0.33 - \
> irrad/shaded_${baynum}-${groupnum}.out

Then we multiply the DC output matrix by the shaded
obstructed irradiance and divide by the unobstructed
irradiance to generate a shadow adjusted hourly DC
output for each panel. This matrix operation can be
performed with the Radiance program rmtxop as
follows:
rmtxop -ff DC/PVwatts_${baynum}-${groupnum}.out \
* irrad/shaded_${baynum}-${groupnum}.out \
/ irrad/unshaded_${baynum}-${groupnum}.out \
> DC/Adjusted_${baynum}-${groupnum}.out

The final step is to take the DC hourly output of all
panels in a group and estimate the total group output.
First we need to reduce the power output of each panel
to that of the lowest producing panel in the group. Then
we sum the power production for all the panels. The
group is reduced to the maximum output of the MPPT
(15 kW) if the group power exceeds that limit. Finally,
the group output is multiplied by the inverter efficiency.

Results
We’ll use roof bay number five (Figure 1), as an
illustrative example of panel grouping results. Roof bay
5 is predominantly south-east facing, with a clerestory
window causing shade on the northwest edge of the bay.
Figure 3 shows a rendering illustrating the position of
roof by 5 in the roof. Figure 4 shows the panel layout for
roof bay 5, with seven panel positions labeled A-G.

5

Figure 3: Rendering of CAD model of roof surfaces with
roof bay 5 identified.

Figure 4: Plan of roof bay 5 with seven test panels
labelled A through G.
Table 1: Tilt and azimuth angles for the test panels.
Panel
A
B
C
D
E
F
G

Tilt
21
5
35
1
1
5
22

Azimuth
39
138
147
336
159
154
261

Table 1 contains orientation and tilt data for the seven
selected panels. Tilt is measured from zenith ranging
from 0° for horizontal panel orientation, up to 90° for
vertical panel orientation. Azimuth is arranged so that 0°
is north and 90° is east.
Panel Grouping
Figure 5 contains the June 27 portion of the calculated
irradiance vector used for clustering for the seven
highlighted panels. This figure illustrates the variation
that occurs between irradiance on the panels owing the
varied orientation and shading from the clerestory
window. Panel B experiences the most shading, with a
sharp drop in irradiance in the early afternoon. Panel C
experiences shading an hour later. Panels A and G have
almost the same tilt angle and don’t experience shading,
but the panel orientation affects the irradiance. Panel A
facing north-northeast has peak irradiance in the
morning. Panel G has a west-southwest orientation
causing irradiance to peak later in the afternoon.
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Figure 5: Panel irradiance values (W/m2) for hours 5163 hour in the clustering vector (representing a sunny
June 27th).
Figure 6 shows the result of the k-means clustering
algorithm for roof bay 5. Each dot represents a PV panel
with the dot’s color indicating the group assignment.
Panels with the same color are grouped together. The
orange group exceeds the number of panels that can be
on a single MPPT with 541 panels, (an MPPT can only
support 220 panels). With 17 PV panels, the purple
group is less than the minimum number (35) of panels
for an MPPT.

Figure 6: Panel grouping after clustering for bay 5. The
group is indicated by colour, and the bar chart on the
right shows how many panels are in each group.
All bays required at least one iteration of panel
reassignment to meet group size limitations, and 19 of
the 52 bays required only one reassignment. On average
bays required 17 iterations of reassignment, with a
median of 12 iterations. The maximum number of
reassignment iterations required by a bay was 62. Bay 5
required 17 iterations of reassignment to satisfy group
size restrictions. Figure 7 shows the panel groupings
after iterative reassignment, this bay. The purple group
grows, taking some of the blue and brown group. The
blue group grows to include the original red group. The
brown group expands to encompass much of the original
yellow group. The yellow group takes some from the
orange group, and the remainder of the orange group
splits into two, forming a new red group.

Figure 7: Panel grouping after iterative re-assignment
of panels to groups.
Figure 8 shows the grouping results for all roof bays
after k-means clustering and iterative reassignment steps.

Figure 8: Panel grouping diagram for all bays of the
roof.
Annual PV simulation
First, to verify agreement between PVwatts and
Radiance, we generated unshadowed panel irradiance
values for the eight panels test panels in bay 5 (Figure 4
A through G) with both Radiance and PVwatts. Figure 9
contains scatter plots irradiance simulated with the two
programs plotted on each axis. Panels with near zero tilt
angle have nearly perfect agreement. As the tilt
increases, the agreement gets slightly worse, but is
within range of acceptability. The disagreement between
the PVWatts and Radiance likely stems from the
difference in sky model used by each program. Radiance
uses the Perez All-Weather sky luminance model (Perez
et al., 1993), while PVwatts uses Perez’s method for
modelling irradiance components from direct and global
irradiance (Perez et al., 1990).
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Figure 9: Scatter plots of panel irradiance calculated by PVWatts (x-axis) vs, Radiance (y-axis) for panels A-G

Figure 10: Scatterplots of panel irradiance with and without shading (both calculated using Radiance).
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Then, hourly shade factors are generated by simulating
irradiance on the panel in Radiance with and without
shading. The ratio of shaded to unshaded irradiance for a
panel during an hour is used to modify the dc power
output of the panel for that hour. Figure 10 contains
scatterplots showing unshaded vs. shaded PV panel
irradiance simulated with Radiance for the eight bay 5
test panels. Shading occurs at times where the points fall
below the y=x diagonal. Panel B experiences the most
shading from the roof, while panel E and A experience
almost no shading.
We then estimate the annual energy produced by the
rooftop PV by applying the described methodology for
every panel in every group in every roof bay.
Unfortunately confidentiality prevents us from sharing
the estimated annual energy production in this paper.
We compared the results using the clustered panels to
results using the simple grid-based grouping scheme
depicted in Figure 11. The clustering method resulted in
a 7.7% increase in the estimated annual energy produced
by the rooftop PV.

Figure 11: An illustration of the simple grid grouping
scheme used as a baseline to determine impact of
clustering on annual energy production.

Discussion
This clustering method is useful for BIPV on curved
surfaces and/or PV arrays with non-uniform shading. For
a PV array with uniform panel orientation and little to no
shading, grouping arrangement has little to no effect on
output.
One option that wasn’t considered in this study was
using dummy panels (or non-connected) panels in
heavily shaded regions of the roof, for example panel B
in roof bay 5 (see Figure 4 and Figure 10). Including
dummy panels reduces the number of panels generating
energy, but might increase energy produced by
eliminating frequently shaded and therefore lowest
performing panels.

Another regret of the author was using sun position at
the middle (half-hour) of hourly timesteps for clustering
the panels. The author believes this could lead to bias in
the grouping divisions along hourly shade lines, which
might perform well in hourly energy simulation, but
perform worse in reality. A better approach would be to
use sub-hourly intervals for clustering, while
randomizing sun position within the timestep.

Conclusion
This paper proposes a method for grouping 44,000 PV
panels into groups of 35-220 panels in a way that
improves annual energy production. Due to the roof
curvature, the PV panels have varying tilt and orientation
angles. Clerestories create non-uniform and time varying
shading characteristics. These two characteristics make
optimal grouping for energy production a challenge.
The demonstrated method formed groups using k-means
clustering on hourly irradiance profile vectors generated
with Radiance. When the clustering result violated the
group size constraint of 35-220 panels per group, an
iterative re-assignment process was used to move panels
to their next closest group.
The annual energy production was calculated first by
generating annual hourly shade coefficients for each of
the 44,000 PV panels. This shade coefficient was the
ratio of shaded to unshaded irradiance on the panel,
simulated with Radiance. The annual hourly shade
coefficients were multiplied by hourly DC power from
PVWatts simulations. The hourly energy produced per
group was determined based on the number of panels in
the group and the panel with lowest power for the hour.
The total annual energy produced is the sum of energy
produced for all the hours for all the groups in all the
roof bays.
The annual simulations were performed for two
grouping schemes, using the intelligently clustered
panels (Figure 8), and with a simple grid based grouping
scheme (Figure 11). The grouping scheme developed
using k-means clustering produced 7.7% more energy
over the year.
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Abstract
This paper analyzes some possible approaches that can be
adopted to design and size a residential building
integrated PV + EES (Photovoltaic + Electrical Energy
Storage) system in the early design phases. A set of
“basic” approaches based on cumulative values, which
cannot estimate a relation between system capacity and
self-consumption percentage, is typically used by
designers. Besides, a design process aided by the use of a
future novel version of the tool ProCasaClima is
presented. This is characterized by a real-time hourly
energy balance between the system production and the
building consumption. The benefits of the proposed
design are shown on the economic and energy indexes and
compared with the results of commonly used sizing
methods.

Introduction
During the early stage of the architectural design
workflow of a building with PV, designers need design
methods for sizing and positioning of PV and batteries to
ensure a good level of performance in the operational
phase. Different methods can be used depending on the
main goal to achieve. In (Freitas, Reinhart, & Brito, 2018)
and (Waibel, Mavromatidis, Bollinger, Evins, &
Carmeliet, 2018) the authors optimize the PV plant
according to different KPIs (Key Performance
Indicators). In (Lovati, et al., 2018) the authors show the
possibility of using the NPV (Net Present Value) as a good
indicator to size and design a BIPV system. Nevertheless,
if the hourly energy balance of the building + PV is not
taken into account, the NPV calculation of the PV system
is not connected to the relation between self-consumption
and capacity of the system (i.e. the increase, for larger
systems, of the energy that is not contemporarily
consumed and is therefore fed into the grid). When the
hourly balance is not considered, regardless of the
accuracy of the PV simulation, it is not possible to
establish an NPV oriented design criterion. In fact, even if
a non-100% self-consumption percentage is considered,
this value is constant with varying PV capacity as the
relation between capacity and over-production cannot be
clearly estimated. The alternatives commonly used by
designers are generally based on a target capacity or on a
target cumulative production (e.g. have a cumulative PV
production equal to the cumulative demand). The new
version of the tool ProCasaClima, was used to compare

different sizing methods in terms of their economic
performance. With respect to the previous versions, the
new tool relies on an hourly energy balance and can
therefore be used to implement a sizing method similar to
(Lovati, et al., 2018). In (Lovati, et al., 2018) the method
is presented and the positive impact on the design decision
is evaluated, but what happens if the designer does not
have an accurate hourly demand to use as an input? Is the
method still an improvement if only the cumulative load
is known and is assumed as a constant hourly schedule?
The results show the positive impact in economic
performance due to the main innovation of the updated
tool. Even in absence of hourly data, using the cumulative
demand as a static value (method 4, constant electrical
demand), the KPIs are improved compared with
traditional methods. In fact, the possibility of calculating
the hourly based SP (self-production) and SC (selfconsumption) coefficients for different PV + EES systems
and electric demand profiles unlocks the possibility of
sizing and positioning of PV and batteries according to
hourly data related KPIs. Through the comparison with
different sizing methods it was shown why an hourly
analysis is a fundamental aspect to obtain a well sized
system which reduces the purchased energy maximizing
the economic benefits of the investment. The KPIs
analyzed in this study are the NPV and the SP previously
introduced which have been used for comparing different
design methods. Moreover, the effect of batteries was
analyzed to demonstrate the impact of SC and SP indexes.

Methods
Different sizing methods that can be used by designers in
the early design phase of a residential photovoltaic plant
were compared using a case study. The analyzed building
is based in Bolzano, in Northern Italy, and has a GIA
(Gross Internal Area) of 354 m2. Fortyfour people live in
the building where the electrical demands where obtained
through LPG, LoadProfileGenerator (Pflugradt, 2019).
Table 1 reports the early design methods compared in this
work. Method 1 aims to respect the actual Italian directive
(DECRETO LEGISLATIVO n. 28, 2011) for PV
installation on new buildings. The directive sets the
minimum installed nominal capacity according with the
following formula:
Pn,min = S/K
(1)
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where 𝑃𝑛,𝑚𝑖𝑛 expresses the minimum nominal capacity to
be installed, 𝑆 is the GIA of the building and 𝐾 is a
coefficient equal to 50.
Table 1: Early-design methods.
Method

Goal
Install

1

D.Lgs. 28/2011

the

minimum

capacity

suggested by the current Italian
law

2

3

Annual
cumulative

Install the PV capacity required to
cover

the

annual

cumulative

Install the PV capacity required to

cumulative

cover the electrical demand on
monthly basis

seasons)
4

5

Constant
electrical demand
Hourly electrical
demand

Technology

Monocrystalline

Efficiency

20%

Power temperature

demand

Monthly
(different

Assumptions
ProCasaClima permits to choose between different PV
technologies and type of integration such as flat roof, well
ventilated tilted roof, façade integration, etc. (impact of
the temperature effect was considered according to
(Yusoff, 2016)). In this work, the assumptions are the use
of monocrystalline modules installed on a 30° South
exposed roof located in Bolzano. Table 3 summarizes the
PV system properties.
Table 3: Plant assumptions.

coefficient
Type of installation
Ross coefficient

Optimize

the

PV

capacity

assuming a constant electrical
load
Optimize the PV capacity using the
real electrical demand of the
building

The annual and monthly cumulative methods (method 2
and method 3) assume that the PV plant is sized to cover
the annual and monthly cumulative demands of the
building. The cumulative values where obtained summing
the hourly demand profile to have coherent values. In the
monthly approach four reference months were used (see
Table 2).
Table 2: Cumulative demands.
Cumulative

Energy [kWh]

Annual

44000

January

4480

April

3669

July

3068

October

3659

Method 4 uses the hourly features of ProCasaClima, but
it assumes a constant electrical demand calculated
dividing uniformly the annual cumulative demand. In this
example the constant demand results equal to 5.02 kW.
This case evaluates the entity of the error in case an hourly
demand curve is not available to the designer. The last
method is based on an hourly approach and it exploits the
full potential of the new version of the ProCasaClima
module for PV design. This approach was considered as
the reference for the analysis of the other methods; indeed,
the system designed with the different methods was then
analyzed with hourly timestep to obtain the true indexes.

-0.35 %/°C
Tilted roof – well
ventilated
0.02 K m2/W

Net billing and fixed tariff were assumed as the tariff
regimes used for the analysis. The discount rate for the
NPV calculation was assumed equal to 6.5% according to
(Thornton, 2018). The NPV analysis was extended over
25 years and both inverters and the electrical storage have
to be replaced after 10 years. No fiscal deductions were
considered.

Results - Net billing
In this section the selected tariff regime is net billing and
it was applied according to (ARERA, 2012). In summary,
feed in electricity is valorized through the “scambio sul
posto” mechanism up to a value equal to the annual
demand. The surplus is valorized with a low value based
on the zonal electricity price. Oversized PV plants are thus
clearly penalized.
Italian legislative decree
As reported in Table 1, method 1 for the sizing of the PV
plant is based on the formula given by the Italian
legislative decree D.Lgs. 28/2011. The resulting nominal
power for the analyzed building is equal to
Pn,min = S/K = 7.08 kWp
The plant was then analyzed with ProCasaClima with an
hourly timestep: the annual production of the plant results
equal to 8695 kWh corresponding to 19.7% of the annual
cumulative demand (i.e. self-production). To evaluate if
the plant is well sized, the SC and SP indexes were
evaluated:
SC = ∑self-consumption / ∑production = 99.9%
SP = ∑self-consumption / ∑consumption = 19.7%

(2)
(3)

It is possible to observe that the produced energy is almost
completely self-consumed (the load is often higher than
the production) but, on the other hand, the self-produced
energy is only 19.7%. Based on these two observations it
is possible to conclude that the plant is undersized with
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Monthly production
[MWh]

Annual cumulative demand
Method 2 is based on the annual cumulative demand of
the building. In this approach the goal is to size the system
to produce the same amount of energy that is annually
consumed by the building (44 000 kWh). The size of the
system results to be 35.8 kWp. SC and SP results both
equal to 54.5%. In this case, the size of the system is more
than four times the size of the one designed with the
Italian legislative decree D.Lgs. 28/2011. The selfconsumed energy decreases since the production is higher
but the purchased energy percentage (complementary to
the SP index) decreases until 45.5% of the total energy
consumptions. Of course, the initial capital investment is
higher but the resulting NPV confirms the better choice
made in the current analysis
PP = 13.9 years
NPV = 43 010 €
Monthly cumulative demand
Method 3 suggests a size of the system which covers the
monthly cumulative demand. It was decided to apply this
approach using four reference months representative of
the different seasons. A detailed analysis is given only for
winter and summer reference months while results for
October and April are reported in Table 4.
In the first case the system was designed to produce in
January the cumulative demand of the selected month
(4480 kWh). The resulting size of the system is 93.9 kWp.
This solution is not geometrically acceptable because
assuming an efficiency of 20%, the area needed for the
plant would be bigger than the available roof area and it
would be necessary to use a different configuration for the
installation of the plant. Following results shows an
oversizing of the system using this approach. In fact, the
resulting annual production is 2.62 times the annual
demand and SC decreases to 19.6%. Figure 1 shows that
the monthly production of January covers the
corresponding demand but in summer the system is
largely oversized causing an increase of the sold energy.
Moreover, SP increases only marginally due to the noncontemporaneity of the demand and the production and
the percentage of purchased energy is still high.
18
16
14
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10
8
6
4
2
0

Consumption
Production
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JUL

AUG

SEP
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Figure 1: January consumption and production.

The economic indexes result:
PP = 23.0 years
NPV = 23 960.4 €
The PP increases due to the increased initial costs of the
oversized system and the low value for the valorisation of
the surplus (energy fed into the grid which is not used in
a later stage to cover the demand).
Considering the summer reference month, the system was
designed for covering the cumulative demand of July
(3069 kWh). The resulting size of the system is 18.3 kWp.
In this case the system is undersized from the energy point
of view, as it is possible to notice from the following plots.
26.8%
37.0%

63.0%
73.2%

Self produced energy
Purchased energy

Self consumed energy
Sold energy

Figure 2: July cumulative – indexes.
In fact, SC increases but also the percentage of purchased
energy increases. Figure 3 shows that the plant matches
the July consumptions while is undersized during winter
mainly due to the non-optimal irradiation conditions.
In this case the results of the economic analysis are:
PP = 13 years
NPV = 18 139.6 €
5.00

Monthly production
[MWh]

respect to the electrical demand of the building. In that
case the NPV after 25 years and the PP (Payback Period)
result equal to
PP = 12.5 years
NPV = 5 612 €

Consumption

4.00

Production

3.00
2.00

1.00
0.00
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JUL

AUG

SEP
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Figure 3: July consumption and production.
The same analysis was made using April and October as
reference month and results obtained with the method
based on the monthly cumulative demands were
summarized in Table 4.
Table 4: Monthly cumulative method.
Size

SC

SP

NPV

PP

[kWp]

[%]

[%]

[€]

[years]

January

93.9

19.6

50.7

23 960.4

23.0

April

27.3

56.0

42.2

30 612.0

13.4

July

18.3

73.2

37.0

18 139.6

13.0

October

53.8

32.3

47.9

36 782.4

17

Month

Constant load
Method 4 assumes that the user knows the annual
cumulative demand but does not know the hourly
electrical profile. Instead of covering the annual
cumulative demand, the system was optimized
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10.00

Purchased energy

Energy [kWh]

9.00
8.00

Sold energy

7.00

Self-consumed energy

6.00
5.00
4.00

method and the constant electrical demand method can
lead to the same results obtained with the hourly timestep
optimization. However, results depend on different
parameters and on the specific case of study. On the other
hand, results obtained with the annual cumulative method
and the constant load could lead to worse results if the
price of electricity, the tariff regime, the price of inverters
and photovoltaic modules change. At the same time the
Italian legislative decree D.Lgs. 28/2011 can give good
results compared with the hourly optimization for specific
cases of study (for example single family houses). It is
interesting to notice that the NPV of systems designed
with the Italian decree D.Lgs. 28/2011 are comparable
with the ones obtained from hourly optimized systems
only for a small interval of the curve shown in Figure 6.
Considering the cases where few people live in the
building (considering constant the GIA), the systems
Thousands

maximizing the NPV with the hourly tool using a constant
load. The constant load can be calculated as the annual
cumulative demand divided by the number of hours. In
this case equal to 5.02 kW. The resulting optimized PV
plant consists of 35.8 kW covering the 41.1% of the
energy demand with the following economic outputs:
PP = 13.9 years
NPV = 43 010.8 €
Hourly analysis
Among the inputs required by the tool there is the hourly
electrical profile which can be chosen from a set of
electrical profiles (divided in different categories) or
manually inserted. Once the load profile is defined, the
user can vary the inputs (e.g. PV capacity, etc.) and
optimize the plant design according to their objectives
(e.g. NPV, SC, SP, etc.), thus modifying the profiles
reported for example in Figure 4. In this work it was
decided to optimize the NPV after 25 years.

50
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5
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Cumulative - October
Cumulative - yearly
Hourly optimization
Constant load
Cumulative - April
Cumulative - July
D.Lgs. 28/2011
No PV
Purchased energy [kWh] Electricity bills [€]

3.00

NPV [€]

2.00
0.00

Time

Figure 4: Consumption profiles
For the building under analysis, the optimal size of the
plant results equal to 35.8 kWp. It can be observed that
the optimal configuration optimized with the hourly
method can be obtained also with the annual cumulative
demand method and the constant load method. This is
caused by the tariff regime used in the previously
presented analysis and the actual costs of the components
of the system. In this case, the net billing tariff decrease
the importance of direct self-consumption as the feed in
energy is well valorized. Thus, in this specific case, the
optimal configuration can be found with different
methods. The optimized economical indexes result:
PP = 13.9 years
NPV = 43 011 €
Discussion
Figure 5 shows the comparison between the annual
purchased energy, the annual cost for electricity bills and
the NPVs for the different methods used for the plant
design process. All design approaches lead to a consistent
decrease of the purchased energy except for the Italian
legislative decree and the monthly cumulative method
based on July which suggest, in this case, an undersized
system. It is interesting to notice that even if the reduction
of the purchased energy is similar for different
approaches, NPVs can differ. For the analyzed case the
plant designed with the Italian decree has the least NPV
after 25 years because it usually leads to undersized
systems in case of multi-floor buildings. As discussed
before, in case of net billing, the annual cumulative

Figure 5: Methods comparison
designed with method 1 result oversized and the produced
energy is not consumed. On the contrary, with the
increase of the number of people living in the building
(assuming the same GIA, constant number of people per
floor and increasing the number of roofs) the Italian
decree D.Lgs. 28/2011 tends to suggest undersized
systems and consequent lower NPVs; this is due to the fact
that the formula used in the Italian decree takes only into
account the GIA. The blue line shown in Figure 6 tends to
become constant because once the load is at every
timestep higher than the PV production and SP is equal to
100%, bill savings do not increase even if the load
increases (the power produced by the PV plant is always
instantly consumed). For this reason, from a certain point
on, the NPV becomes almost constant at the increasing of
the load.
€30 000
D.Lgs. 28/2011
Hourly optimized

€25 000
€20 000
NPV

1.00

€15 000
€10 000
€5 000
€0

5

10
15
20
Number of persons

25

30

Figure 6: Number of persons - NPV

Results - Fixed tariff
The same case of study was analyzed with the methods
presented in the previous paragraph but assuming a fixed
tariff regime for the electricity purchased from the grid
without net billing. It was assumed a price for electricity
sold equal to 0.05 €/kWh and a cost for electricity
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Size

SC

SP

NPV

[kWp]

[%]

[%]

[€]

7.08

99.9

19.7

5 581.6

12.5

Annual

35.8

45.5

44.9

-15 982.5

>25

January

93.9

23.5

49.7

-96 911.3

>25

April

27.3

56.0

42.2

-5 637.3

>25

July

17.7

73.2

37.0

3 349.4

17.7

October

53.8

32.3

47.9

-40 048.8

>25

Hourly

10.6

93.6

27.7

6 871.3

13.5

9.6

93.8

25.2

6 260.6

13.4

Method
D.Lgs.
28/2011

Const.
load

PP

PV + EES
Thanks to the hourly based approach, the new version of
ProCasaClima can be used for the design process of an
electric storage evaluating at hourly timestep the state of
charge of the batteries, the PV production and load
consumption. It aims to decrease the risk of oversized or
undersized electric storages. Inputs required for designing
the storage in the early design phase are accessible from
datasheets as capacity, depth of discharge and costs. An
example of application is the sizing of a PV + EES. In this
case it was decided to maximize the NPV setting a

Size

Battery

SC

SP

[kWp]

[kWh]

[%]

[%]

53.6

21.0

40.1

60.0

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00

100.0

Production
80.0
Load profile
Battery state 60.0
40.0
20.0

Battery state [%]

Power [kW]

restriction on the minimum percentage of self-produced
energy. In that case SPmin was set equal to 60% and it was
assumed net billing as tariff regime. The tool evaluates the
consumptions, PV production and battery state necessary
for the calculation of the hourly energy flows between the
plant, the battery, the user and the grid as shown in Figure
7. In this way, the user can optimize the PV coupled with
the storage system. Table 6 reports the results obtained
optimizing the battery and the PV capacity using the
minimum self-production criteria.
Table 6: PV+EES optimization

0.0

Figure 7: hourly profiles
Thousands

purchased equal to 0.2 €/kWh. For brevity, results of the
different design processes were reported in Table 5. As
expected, results assuming a fixed tariff regime are
different with respect to the analysis assuming net billing.
In fact, net billing decreases the importance of direct selfconsumption and load matching while the grid is seen as
an infinite capacity electrical storage and the electricity
sold to the grid is well valued. On the contrary, the fixed
tariff regime (and the same for more complex tariffs)
penalizes the oversized systems (bad load matching can
lead to negative NPVs) and the optimal configuration can
be found only with an hourly approach (evaluate at every
timestep the energy flows). It is possible to notice from
Table 5 that in this case the cumulative methods tend to
result in bad design. Some of them (Annual, January,
April and October cumulative methods) lead to oversized
systems which costs can’t be repaid during the supposed
lifetime of the plant. With respect to the Italian decree, the
hourly optimization (in this case, it depends on the load
profile) lead to the installation of 50% more PV in terms
of kWp causing an increasing of the 23% of the NPV at
the end of the considered lifetime. Also considering fixed
tariff regime, the constant load method leads to acceptable
results. In conclusion it is possible to say that the tariff
regime strongly influences the results; in particular in case
of fixed tariff or more complex tariff regime it is possible
to find the optimal configuration only using an hourly
approach.
Table 5: Fixed tariff

40
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25
20
15
10
5
0

Hourly PV+ESS optimization
D.Lgs. 28/2011

Purchased
energy [kWh]

Electricity bills
[€]

NPV [€]

Figure 8: PV+EES compared with the Italian decree
Figure 8 shows the comparison between the configuration
reported in Table 6 and the one suggested by the Italian
decree (method 1). The solution considering the storage
system leads to a relevant decreasing of the purchased
energy which was reduced by 60% with respect to the case
without PV (for comparison, the solution designed with
the annual cumulative method leads to a reduction of 46%
of the purchased energy) with the consequent reduction of
the electricity bills. From the economic point of view, the
predicted NPV after 25 years is higher with respect to the
one obtained with the Italian decree.
Discussion
The previously shown example demonstrates the
importance of using an hourly based approach to obtain a
high-quality design of the PV + EES which can lead to
optimized systems both from the energy and the
economical point of view. As shown in Figure 7, the
system with optimized battery and photovoltaic system
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reduces the energy purchased (since we set the minimum
SP to 60%) maintaining a good value of NPV. Of course,
reducing the energy taken from the grid can reduce grid
costs and balancing issues related to renewable sources
and decrease the carbon footprint of the users.

Conclusions
The paper shows the potential economic benefit
associated to the adoption of an hourly based approach
from the first phases of the early design process of a
photovoltaic system. The method was applied to a specific
case of study and compared with different and commonly
used design approaches. The maximum potential NPV of
the analyzed system was found with the new version of
ProCasaClima through the optimization of the system
capacity based on hourly energy balances of the real
consumption profile. Commonly used monthly based
calculations, by lacking a relation between capacity of
components and their performance, cannot aid the sizing
of PV plants and batteries from the economical point of
view (unless net billing is adopted as tariff regime). They
can lead to undersized or oversized systems with bad
energy KPIs (for example SC=19% using the cumulative
method based on January). In numerous case studies the
actual Italian laws are conservative and can lead to
undersized systems with NPVs lower than the possible
obtainable. In the analyzed case it leads to an NPV
reduced by 76% in case of net billing and to a 19%
reduction considering fixed tariff. In fact, in the analyzed
case it suggests the installation of 7.08 kWp, 80% less
than the optimal size obtained considering net billing
(35.8 kWp). On the contrary, oversized systems (such as
those linked with the cumulative demand) can lead to
economically unsustainable projects. On the contrary, the
new approach takes into account the hourly energy flows
between grid, PV plant, load, EES and can support the
designers to obtained more sustainable projects.
Moreover, it was shown that the method can be applied
with good results also when the hourly electrical profile is
not available considering a constant demand. Finally, it
was demonstrated that adopting an hourly based approach
it is possible to predict and increase the self-produced
energy and properly design the required battery capacity
to achieve the goals of designers from the energy point of
view (increasing the NPV by 142%, from 5600 € to 13400
€). In conclusion, through the comparison with commonly
used design methods it is possible to highlight the
importance of adopting hourly based approaches (with
known or assumed electrical profile) to improve the
quality and sustainability of PV projects.
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Abstract
In this study, the heat transfer process of U-pipe glass
evacuated tube collector is analysed by one-dimensional
method, where a detailed fin model is developed with the
effect of temperature difference between two legs of Upipe taken into account. The thermal model is further
verified with experimental data from literature, and the
computational result matches good with the measurement
data. Further, an optimization method is proposed to
reduce the thermal resistance caused by air gap between
the absorber tube and the aluminium fin. By adding a high
emissivity coating on the fin surface, the thermal
resistance of air gap per collector length is reduced to 0.18
(mK)/W and thermal performance of collector can be 2.6%
higher after optimization. Study finds that the thermal
efficiency improvement through this method increases
with increase of collector working temperature and solar
radiation intensity, which indicates that this method has
high optimization potential in intermediate and high
temperature application.

Introduction
The increasing problems of CO2 emission and fossil
energy shortage have promoted application of renewable
energy worldwide. Solar energy, as one of the most
comparable clean energy sources, have widely been
applicated in power, heating, and cooling process. Solar
collectors, which can convert sunlight into useful thermal
energy efficiently, have been widely utilized in domestic
hot water and space heating sector. At present, different
collector types have been developed, among which flat
plate and glass evacuated tube collector are the two most
commonly used forms. Compared with flat plate collector,
glass evacuated tube collector has a better thermal
insulation and shows a higher performance operating in
cold weather conditions. With continuously dropping
price, evacuated tube collectors have been rapidly
promoted in solar heating market, including heat pipe
evacuated solar collectors and U-pipe glass evacuated
tube solar collectors. Heat pipe type has advantages in
certain aspects, such as anti-freezing, rapid start-up,
resistance to high pressure, but the accumulated
incondensable gas in heat pipe can restrict the normal
operation and shorten collector service life (He ZN. et al
1997). Compared with heat pipe evacuated tube collector,
using U-pipe to extract heating energy can maintain
operation with higher stability.

Plenty of researchers have devoted into the study of
thermal behaviour of U-pipe glass evacuated tube
collector. Kim and Seo (2007) studied four shapes of
absorber tubes theoretically and experimentally, and
found that a single collector tube with U-pipe inserted in
a circular fin has the best performance. However, if the
effect of shadow and diffuse irradiation caused by
adjacent tubes is taken into account, U-pipe embedded
onto a flat fin is considered to be the best configuration.
Tian (2007) deduced the calculation equations of the
efficiency factor and the heat transfer loss coefficient, and
found that the emittance ratio of selective absorbing
coating has great influence on the thermal efficiency. Ma
(2010) further developed a one-dimension analytical
model based on energy balance to investigate the thermal
performance of U-pipe evacuated tube collector, his study
indicated that the thermal resistance caused by air gap
between absorber tube and copper fin hinders the heat
transfer process significantly. Gao (2014) proposed a
mathematical model which simplified the U-pipe into an
equivalent straight pipe and verified this model with
experimental data.
Many efforts have been made to achieve a higher collector
efficiency. To eliminate thermal resistance caused by air
gap, Dirk (2008) proposed a filled-type evacuated tube
collector with U-pipe, in which the space between
absorber tube and U-pipe is filled with thermal
conduction element made by compressed graphite
components. Liang (2011) investigated a new filled-type
tube collector using thermal transfer fluid as filled
material. Study found that the thermal efficiency of the
fill-type collector is 12% higher than that with copper fin.
In this context, a liquid filled tube collector with double
U-pipes is further investigated theoretically and
experimentally in Liang (2012). The filled-type tube
collector with double U-pipes has a 5% efficiency
improvement comparing with that with single U-pipe.
Diaz (2008) developed mini-channel-based evacuated
tube collector. Instead of U-pipe, the mini-channel with
the same free flow is used to transfer heat to working fluid,
with which the thermal efficiency can be improved 5%
approximately.
All the optimization methods mentioned above
complicate the existing collector structure and therefore
require more efforts in manufacturing. In this study, an
optimization method is proposed to improve the heat
transfer structure of evacuated tube collector with U-pipe.
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By adding a coating with high emissivity on the surface
of aluminium fin, the radiation heat transfer coefficient
between absorber tube and aluminium fin can increase
from 2.0 W/m2K to 10.86 W/m2K, which reduce the
thermal resistance due to air gap efficiently. The thermal
efficiency of collector with high emissivity coating on the
aluminium surface can be 2.6 % higher than that without
optimization maximumly.
In this paper, the mathematical model is developed to
analyse the thermal behaviour of U-pipe glass evacuated
tube collector. The detailed fin model is put forward to
investigate the temperature distribution along fin circular
direction with consideration of effect of the temperature
difference between two legs of U-pipe. The thermal
model is further validated with experimental data from
Gao (2014). Then, the thermal performances of collector
with and without adding coating on fin surface under
various operating conditions are simulated, and the
coating temperature and the heat transfer coefficient
between the absorber tube and the aluminium are
analysed.

the selective absorbing coating. The converted thermal
energy then heats the aluminium fin and U-pipe. The
collected solar energy finally transfers into the working
fluid and become useful heat gain.
One-dimensional model is used to investigate the thermal
transfer process described above. To simplify calculation
without losing acceptable accuracy, a set of assumptions
has been made. (1) Only steady state performance of
collector is analysed. Dynamic thermal behaviour is not
involved in this study. (2) The solar energy absorbed by
the outer glass tube is neglected. (3) The temperature
gradient along the tube circumferential direction is
neglected. (4) The thermal resistances caused by
thickness of outer tube and inner glass tube are neglected,
thus one single temperature of each tube layer is
calculated in this model.

Method
The important parts of a single U-pipe glass evacuated
tube collector is presented in Figure 1. The tube collector
is mainly consisted of a two-layered glass tube, and the
selective absorbing coating is mounted on the outer
surface of the inter glass tube. A vacuum space is
established between two glass layers. Thereby the heat
loss is efficiently reduced due to the elimination of
convective heat transfer. To enhance the thermal
efficiency, the U-pipe is wedged inside a circular
aluminium fin. During operation, the solar irradiance
passes through the outer glass shell, and is absorbed by

Figure 1: Cross section of a single tube.
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Figure 2: Thermal network of a single tube.
Theoretical Model
Based on above assumptions, the thermal network
describing the heat transfer process is illustrated in Figure
2. The thermal model is composed of heat balance
equations of each part and corresponding thermal transfer
coefficients.
(1) outer glass tube
The heat balance equation of outer glass tube per unit
collector length is illustrated as following.
ho−a,cv Po (Ta − To ) + hp−o Pp (Tp − To ) = 0
(1)
Where Ta , To and Tp represent ambient air temperature,
outer glass tube temperature and inner tube temperature
respectively. Po and Pp are the perimeters of the outer and
inner glass tube. ho−a,cv is the convective heat transfer
coefficient between outer tube and ambient environment,
of which the value is related with wind velocity w and can
be calculated by empirical expression (2) (Duffie 1980).
ℎ𝑜−𝑎,𝑐𝑣 =

𝑊𝐷𝑔 0.52
𝜆𝑎
(0.4 + 0.54(
) )
𝐷𝑔
𝜐𝑎

(2)

Where 𝜆𝑎 , 𝜐𝑎 are the thermal conductivity and viscosity
of ambient air.
In expression (1), ℎ𝑝−𝑜 presents the heat transfer
coefficient between two glass layers. Based on the
thermal network, ℎ𝑝−𝑜 = ℎ𝑝−𝑜,𝑐𝑣 + ℎ𝑝−𝑜,𝑟 . As there
exits vacuum space between outer and inner glass tube,
the convective heat transfer coefficient ℎ𝑝−𝑜,𝑐𝑣 is
considered to be 0 W/(m2K), and the radiation heat
transfer between two glass layers ℎ𝑝−𝑜,𝑟 is a function of
tube surface temperatures, which can be expressed as
ℎ𝑝−𝑜,𝑟 =

𝜎𝜀𝑝
(𝑇𝑝 2 + 𝑇𝑜 2 )(𝑇𝑝 + 𝑇𝑜 )
𝜀𝑝 𝐷𝑝
1+
(1 − 𝜀𝑝 )
𝜀𝑜 𝐷𝑜

(3)

Where 𝜀𝑜 is the emissivity of the outer glass tube and has
a value of 0.8. The selective coating has low emissivity in
long wave radiation range 𝜀𝑝 of 0.02. 𝜎 represents StefanBoltzmann constant.
(2) absorber tube
ℎ𝑝−𝑜 𝑃𝑝 (𝑇𝑜 − 𝑇𝑝 ) + ℎ𝑒𝑑𝑔𝑒 𝑃𝑝 (𝑇𝑎 − 𝑇𝑝 )
+ ℎ𝑝−𝑎𝑙 𝑃𝑝 (𝑇𝑎𝑙 − 𝑇𝑝 ) + 𝑆 = 0

(4)

Where 𝑆 represents the amount of solar energy absorbed
by selective coating per tube length, which is a function
of solar irradiance and can be estimated by expression (5).
S = 𝜏𝑔 𝛼𝑝 1.43𝐷𝑔 𝐼𝑜
(5)
Where 𝐼𝑜 is the total solar irradiation on the collector
aperture surface, 𝜏𝑔 represents the optical transmission

coefficient of outer glass tube and 𝛼𝑝 is the absorption
coefficient of the selective coating. Considering the
effects of ground reflected radiation, diffuse radiation and
the influence of different incident angle on optical
transmittance, the effective aperture perimeter is assumed
to be 1.43 times the diameter of absorbing tube 𝐷𝑔 (Yin
1996). Besides the thermal energy dissipating through
outer glass shell, heat loss can also be caused by direct
thermal conduction from absorber tube to atmosphere
through the manifold connection at the head of collector.
The edge heat loss coefficient ℎ𝑒𝑑𝑔𝑒 is difficult to be
predicted as it relates to the collector insulation thickness
and surface situation. Hence, an experimental value of
0.1687 W/(m2K) is used in this study (Tian 2007).
In expression (4), ℎ𝑝−𝑎𝑙 represents the heat transfer
coefficient between absorbing tube and aluminium fin.
The heat transfer process is carried out by air conduction
and radiation heat transfer and could be written as
ℎ𝑝−𝑎𝑙 = ℎ𝑝−𝑎𝑙,𝑟 + ℎ𝑝−𝑎𝑙,𝑐𝑑 , where
𝜆𝑎
𝛿𝑎

(6)

𝜎𝜀𝑖
(𝑇𝑝 2 + 𝑇𝑎𝑙 2 )(𝑇𝑝 + 𝑇𝑎𝑙 )
𝜀𝑖 𝐷𝑝
(1 − 𝜀𝑎𝑙 )
1+
𝜀𝑎𝑙 𝐷𝑎𝑙

(7)

ℎ𝑝−𝑎𝑙,𝑐𝑑 =
ℎ𝑝−𝑎𝑙,𝑟 =

𝛿𝑎 is the thickness of air layer and 𝜆𝑎 is the thermal
conductivity. 𝜀𝑖 represents the emissivity of inner surface
of inner glass tube and has a value of 0.8. ℎ𝑝−𝑎𝑙,𝑐𝑑 has a
value of 26.7 W/(m2K) due to the thin air layer with a
thickness of 1 mm. Since the emissivity of aluminium fin
is low (𝜀𝑎𝑙 = 0.2), the radiation heat transfer coefficient
ℎ𝑝−𝑎𝑙,𝑟 is no more than 2.0 W/(m2K). This means that the
air thermal conduction is dominant in this heat transfer
process and the contribution of radiation is low. However,
ℎ𝑝−𝑎𝑙,𝑟 could reach 10.9 W/(m2K) when the fin emissivity
𝜀𝑎𝑙 has a value of 0.95, this could be realized by adding a
high emissivity coating on the surface of aluminium fin.
(3) aluminium fin
As the circular aluminium fin connects with two legs of
the U-pipe, the temperature of metal fin varies along the
circumferential direction. To model the heat transfer
process of the fin, Ma (2010) investigated the fin thermal
transfer efficiency with the assumption that the heat
transfer between two legs is symmetrical. Gao (2014)
simplified the U-pipe as a single pipe and analysed the
heat transfer process with equivalent fin model. Both
methods neglect the effect of temperature difference
between the inlet and outlet legs of the U-pipe.
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between working fluid and pipe inner surface, which can
be calculated by empirical correlation expressed in
following section.
(5) working fluid
Along the flow direction of working fluid, the heat
transfer process at two sides of U-pipe can be described
as
ℎ𝑓 (𝑇𝑏1 − 𝑇𝑓1 )𝜋𝐷𝑏 𝐿𝑢 + 𝑚̇𝐶𝑝 (𝑇𝑓,𝑖𝑛 − 𝑇𝑓,𝑚𝑖𝑑 ) = 0
(18)
ℎ𝑓 (𝑇𝑏2 − 𝑇𝑓2 )𝜋𝐷𝑏 𝐿𝑢 + 𝑚̇𝐶𝑝 (𝑇𝑓,𝑚𝑖𝑑 − 𝑇𝑓,𝑜𝑢𝑡 ) = 0

Figure 3: Heat transfer process on aluminium fin.
In this study, based on the first method, the corresponding
boundary condition are redefined. The heat transfer
process of the aluminium fin could be expressed as
following.
𝜆𝑎𝑙

𝑑2 𝑇𝑎𝑙 ℎ𝑝−𝑎𝑙
+
(𝑇𝑝 − 𝑇𝑎𝑙 ) = 0
𝑑𝑥 2
𝛿𝑎𝑙

(8)

Where 𝑇𝑎𝑙 represents the temperature of aluminum fin.
Two boundary conditions are necessary to solve this
second-order differential equation.
𝑇𝑎𝑙 |𝑥=0 = 𝑇𝑏1 and 𝑇𝑎𝑙 |𝑥=𝑙 = 𝑇𝑏2
Where 𝑙 can be expressed as
𝑃𝑎𝑙
𝑙=
− 𝑑𝑏
2

(9)

𝑇𝑏1 and 𝑇𝑏2 represent the temperatures of inlet and outlet
pipe respectively. The solution of equation (8) indicates
the temperature distribution of aluminium fin in the x
direction, which can be written as
𝑇𝑎𝑙 = 𝑇𝑝 −

(𝑇𝑝 − 𝑇𝑏1 ) sinh(𝑚(𝑙 − 𝑥)) + (𝑇𝑝 − 𝑇𝑏2 )sinh (𝑚𝑥)
sinh (𝑚𝑙)

(10)

where m is defined as
ℎ𝑝−𝑎𝑙 0.5
m=(
)
𝜆𝑎𝑙 𝛿𝑎𝑙

(11)

The thermal energy conducted to the inlet and outlet legs
of U-pipe per tube length can be obtained by evaluating
Fourier’s law at the fin location x = 0 and x = l .
𝑞̇ 𝑓𝑖𝑛|𝑥=𝑙

[(𝑇𝑝 − 𝑇𝑏2 ) − (𝑇𝑝 − 𝑇𝑏1 ) cosh(𝑚𝑙)]
= 𝑚𝜆𝑎𝑙 𝛿𝑎𝑙
𝑠𝑖𝑛ℎ (𝑚𝑙)

(12)

[(𝑇𝑝 − 𝑇𝑏1 ) − (𝑇𝑝 − 𝑇𝑏2 ) cosh(𝑚𝑙)]
𝑠𝑖𝑛ℎ (𝑚𝑙)

(13)

𝑞̇ 𝑓𝑖𝑛|𝑥=𝑙 = 𝑚𝜆𝑎𝑙 𝛿𝑎𝑙

(4) U-pipe
The heat gain of U-pipe includes the conductive thermal
energy form aluminium fin 𝑞̇ 𝑓𝑖𝑛 and energy collected
above the tube region 𝑞̇ 𝑡𝑢𝑏𝑒 . The energy balance equations
of inlet and outlet pipes per collector length can be
expressed separately as
2𝑞̇ 𝑓𝑖𝑛|𝑥=0 + 𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=0 + ℎ𝑓 (𝑇𝑓1 − 𝑇𝑏1 )𝜋𝐷𝑏 = 0

(14)

2𝑞̇ 𝑓𝑖𝑛|𝑥=𝑙 + 𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=𝑙 + ℎ𝑓 (𝑇𝑓2 − 𝑇𝑏2 )𝜋𝐷𝑏 = 0

(15)

Where 𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=0 , 𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=𝑙 can be defined in following
expressions:
𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=0 = ℎ𝑝−𝑎𝑙 (𝑇𝑝 − 𝑇𝑏1 )𝐷𝑏
(16)
𝑞̇ 𝑡𝑢𝑏𝑒|𝑥=𝑙 = ℎ𝑝−𝑎𝑙 (𝑇𝑝 − 𝑇𝑏2 )𝐷𝑏
(17)
In expression (14) (15), 𝑇𝑓1 and 𝑇𝑓2 are the average fluid
temperatures at inlet and outlet legs of U-pipe. ℎ𝑓
represents the convective heat transfer coefficient

(19)

Where 𝐿𝑢 represents the length of U-pipe. And 𝑇𝑓,𝑚𝑖𝑑 is
the temperature of working fluid at the tube bend, which
can be calculated by
𝑇𝑓,𝑚𝑖𝑑 = 2𝑇𝑓1 − 𝑇𝑓,𝑖𝑛
(20)
𝑇𝑓,𝑚𝑖𝑑 = 2𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓2
(21)
The convective heat transfer coefficient of fluid ℎ𝑓 varies
with fluid thermal properties, flow situation and wall
surface temperature. In this study, the empirical
correlations are used to predict the value (Oliver 1962).
ℎ𝑓 =

𝜆𝑓
𝑁
𝐷𝑏 𝑢

(22)
1

𝑁𝑢 = 1.75 [𝐺𝑧 + 5.6 × 10−4 (𝐺𝑟 𝑃𝑟

𝐿𝑢 0.70 3 𝜐𝑓 0.14
) ] (
)
𝐷𝑏
𝜐𝑤𝑎𝑙𝑙

(23)

where 𝑁𝑢 is Nusselt number, 𝐺𝑧 is Graetz number, 𝑃𝑟 is
Prandtl number, 𝐺𝑟 is Grashof number, 𝜐𝑓 and 𝜐𝑤𝑎𝑙𝑙 are
the viscosity of fluid at average fluid temperature and wall
temperature.
Solar collector efficiency 𝜂 is used to evaluate the thermal
performance of the glass evacuated tube collector. It is
defined as the ratio between the net heat gain of working
fluid and the solar radiation energy based on collector
aperture area.
η=

𝑚𝐶𝑝 (𝑇𝑓,𝑖𝑛 − 𝑇𝑓,𝑜𝑢𝑡 )
𝐼𝑜 𝐴𝑝

(24)

where 𝐴𝑝 represents the aperture area.
Another important parameter to evaluate the collector
thermal behaviour is the overall heat loss coefficient U_L,
which is utilized to determine the thermal insulation
standard of the glass evacuated tube collector. The overall
loss coefficient between absorber tube and ambient
environment U_L can be written as
𝑈𝐿 =

1
1
1
+
ℎ𝑜−𝑎,𝑐𝑣 + ℎ𝑝−𝑜,𝑟 ℎ𝑒𝑑𝑔𝑒

(25)

Model Validation
To verify the reliability of this thermal model, the
simulation result is compared with previous experimental
data of Gao (2014). With boundary parameters, such as
solar irradiance, ambient air temperature, flow rate and
inlet water temperature using given values from referent
experiment, the simulation results are compared with
measurement data as well as simulated value from
previous study. The predicted and experimental efficiency
profiles are displayed in Figure 4. It is found that there is
no huge difference between the predicted efficiency curve
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Experimental Value Gao(2014)
Model Prediction Gao(2014)
Present study
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0.7
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0.5
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0
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Figure 4: Steady state efficiency curve.
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Figure 5: thermal efficiency variation with temperature
difference.
Figure 6 gives the variation of heat transfer coefficient
and coating temperature with temperature difference. It is
observed that the coating temperature increases
significantly with increasing inlet temperature and
reaches a temperature of 115.2 ℃ maximumly. Coating
temperature represents the highest temperature of
collector, and an increase of whose value leads to a higher
heat loss to ambient environment. The coating
temperature can reduce 5.8-9.2 K with the optimization
method. In addition, the heat transfer coefficient of
normal collector represents as a constant value of 27
W/(m2K) approximately, compared with that, the heat
transfer coefficient with a fin surface emissivity of 0.95
various from 32.0 to 39.5 W/(m2K) with the increase of
coating temperature, indicating that the increase of fin
surface emissivity improves the heat transfer process
efficiently.

Results and Discussion

80

Heat transfer coefficient (W/㎡K)

Under a given condition that the solar incidence on the
aperture area is 950 W/m2 and the ambient temperature is
10 ℃, the thermal behaviour of the U-pipe glass
evacuated tube collectors with and without adding coating
on fin surface is simulated. Figure 5 shows the thermal
efficiency variation with temperature difference between
working fluid temperature and atmosphere. As Figure 5
shows, the thermal efficiency of tube collector after
optimization is 0.56% – 1.35% higher than that of normal
tube collector. The performance improvement is 0.56 %
at inlet temperature of 20 ℃, and increases up to 1.35%
when the collector operates with an inlet temperature of
90 ℃, which indicates that the efficiency improvement is
increscent with increasing inlet temperature, owing to a
larger radiation heat transfer coefficient in high
temperature application. In addition, the collector
efficiency decreases with increasing temperature
difference between working fluid and ambient, as the heat
loss is higher with the increase of collector operating
temperature. The collector performance maintains a value
above 30% under a temperature difference of 70 K,
indicating that U-pipe glass tube collector have the ability
to provide water with high temperature under extreme
cold condition.

After optimization

160

Coefficient before optimization
Coefficient after optimization
Coating temperature before optimization
Coating temperature after optimization

70

140
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100

50

80
60

40

40
30

Coating Temperature (℃)

0.8

0.85

Efficiency

from present model and that from pervious study, and the
simulation results match good with experimental data,
which means the thermal model shows a good accuracy
and can be utilized to predict the thermal performance of
U-pipe evacuated tube collector. In addition, it is
observed that the predicted thermal efficiency is slightly
higher than experimental data, and the deviation increase
with increasing temperature difference between working
fluid and ambient air. The supposed reason is the
uncertainty estimation of absorber area of solar irradiance.
Considering the diffuse and ground reflected radiation,
the empirical correlation from Yin (1998) is utilized in
this study. Gao (2014) used the diameter of outer glass
tube as equivalent aperture area. In addition, the edge loss
coefficient in the thermal model is assumed to have an
experimental value of 0.1687 W/m2K, which could be
higher in practice and leads to an underestimating of the
overall heat loss to ambient environment.

20
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Figure 6: heat transfer coefficient and coating
temperature variation with temperature difference.
Figure 7 shows the variation of the collector efficiency
with solar radiation intensity under the condition of 10℃
ambient temperature and 80℃ inlet temperature. It is
observed that the thermal efficiency increases
dramatically with increase of solar radiation intensity. In
addition, the performance improvement of collector with
high emissivity fin coating increases from 0.1% to 2.6%
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as the radiation intensity ranges from 400 W/m 2 to 1200
W/m2, and shows a continuous increasing tendency in
higher radiation intensity range, indicating that the
optimization method exhibits a better effect with increase
of solar energy collected on absorbing area.
0.7

Before optmization
After optimization

Efficiency

0.6
0.5
0.4
0.3
0.2
0.1
0
400

600

800

1000

1200

Io

Figure 7: collector efficiency varies with radiation
intensity.

Nomenclature
Symbols
h heat transfer coefficient (W/m2K)
P the perimeter (m)
R thermal resistance per tube length (mK/W)
LL the length of tube (m)
D the diameter of tube (m)
S absorbed solar energy per tube length (W/m)
W wind velocity (m/s)
T temperature (℃)

Conclusion
In this study, a one-dimensional numerical model of Upipe glass evacuated tube collector is built, and the heat
transfer process of each collector part is investigated
detailly. This theoretical model is further verified using
previous experimental data from literature, and the
computational results show in good agreement with
existing measurement data. To reduce the thermal
resistance caused by the air layer between absorbing tube
and aluminium fin, an optimization method is proposed in
this study. By deposing a coating with high emissivity on
the fin surface, the radiation heat transfer coefficient can
increase from 1.24 to 10.88 W/(m2K), which leads to a
lower coating temperature and higher collector thermal
efficiency. Further investigation on the optimization
effect of this method are presented. Study find that the
improvement of collector efficiency, which is contributed
by adding a coating on fin surface, is strongly related with
fluid inlet temperature and incident solar radiation. The
simulation results indicate that the U-pipe glass evacuated
tube collector with water as working fluid can have a
maximum thermal efficiency increasement of 2.6% after
optimization.

α absorption coefficient
τ transmission coefficient
λ thermal conductivity (W/mK)
δ thickness of layer (m)
Subscribes
a ambient air
o outer glass tube
p absorber tube
al aluminium fin

𝐼𝑜
𝐴𝑝

solar radiation intensity (W/m2)
aperture area of collector (m2)

r
cv

radiation
convection

𝐶𝑝

specific heat capacity (J/kg ℃)

cd

conduction

𝑁𝑢
𝑃𝑟
𝐺𝑟
𝑞̇
ε

Nusselt number
Prandtl number
Grashof number
specific heat flux per tube length (W/m)
emission coefficient

b
b1
b2
f

U-pipe
inlet leg of U-pipe
outlet of U-pipe
working fluid
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Abstract
A solar hybrid district heating network integrated with a
seasonal borehole thermal energy storage is modelled,
simulated and analyzed over a 5-year period. The system
is devoted to satisfying the thermal demand of a smallscale district consisting of 6 typical Italian single-family
houses in Naples (south of Italy); the charging of 6 plugin electric vehicles is also considered. The performance of
the proposed plant is investigated by considering two
alternative natural gas-fueled back-up systems. The
energy, environmental and economic performance of the
proposed plant are analyzed and compared with those
associated to a conventional heating system in order to
assess the potential benefits.

Introduction
Solar energy is considered one of the most promising
options for energy saving and reduction of harmful
emissions. Seasonal thermal energy storage allows for
thermal energy storage over weeks and months, with it
being a challenging key technology for solving the timediscrepancy between solar energy supply and thermal
energy demand; borehole thermal energy storage (BTES)
has the most favorable condition for long-term energy
storage (Rad and Fung, 2016; Ciampi et al., 2018).
However, the utilization of intermittent energy sources
characterized by a stochastic behavior requires other
generation units to compensate the lack of energy. District
heating (DH) networks based on solar energy are gaining
more and more interest in the scientific community.
Several technologies can be integrated into solar DH
systems; in particular, micro-cogeneration (MCHP)
systems, i.e. devices characterized by the combined
production of electric and thermal energy from a single
fuel source with an electric output lower than 50 kWel, are
considered by the European Community as one of the
most effective measures to save primary energy and
reduce greenhouse gas emissions in small-scale
applications (Rosato et al., 2017; Sibilio and Rosato,
2015; Directive 2012/27/EU; Mura et al., 2015; Mura et
al., 2015). The diffusion of electric vehicles (EVs) could
help in (i) reducing the large energy consumption of the
transport sector and related greenhouse gases emissions,
(ii) improving the local air quality in urban areas thanks
to the reduced emission of local pollutants, as well as (iii)
lowering the costs per kilometer for the end-users when
compared to internal combustion engine vehicles

(Angrisani et al., 2014). The micro-cogeneration devices
applied in residential units generally operate under a heatload following control strategy in response to variations
in heat demand (Sibilio and Rosato, 2015); in this case, a
large fraction of the cogenerated electricity is usually
produced at times when the electric demand of the
building is lower than MCHP electric output due to the
usual mismatch between electric and thermal demands
(Ribberink and Entchev, 2014), requiring substantial
amounts of electricity to be exported to the grid with low
revenues. EVs consume considerable amounts of
electricity; they are mostly driven during the day and
charged at home during the night, so that the recharging
of EVs could be a way to increase the own use of
cogenerated electricity, enhancing the profitability of
MCHP devices. Few papers are available in literature
focusing on small-scale solar hybrid DH systems. Buoro
et al. (2014) investigated the integration between
distributed energy supply system, solar thermal plant and
heat storage for a district composed of 9 industrial
facilities located in the north-east of Italy. The work of
Kallert et al. (2017) focused on the analysis of a low
temperature DH network serving a small group of 10 low
energy residences. Marguerite et al. (2017) presented the
results of a multi-criteria evaluation of different design
scenarios for a micro-DH network in Vienna (Austria)
serving two office buildings. To the knowledge of the
authors, the potential of the joint use of solar DH networks
and micro-cogeneration units under the climatic
conditions of Italy has not been investigated with
reference to small-scale applications. The literature
review also revealed that possible synergy between
micro-cogeneration and EV charging has been poorly
analyzed (Ribberink and Entchev, 2014; Angrisani et al.,
2015).
In this paper a small-scale DH network based on a field of
solar collectors and integrated with a seasonal borehole
thermal energy storage is modelled, simulated and
analyzed over a 5-year period by means of the TRaNsient
SYStems software platform (TRNSYS). The system is
devoted to satisfying the heating demand of a district
consisting of 6 typical Italian single-family houses under
the climatic conditions of Naples (south of Italy). The
district also includes a set of 6 plug-in EVs characterized
by different charging profiles representing scenarios in
which EVs would drive two different daily distances (30
and 53 km) and would be charged at three different power
levels (2.2, 3.6 and 6.6 kWel); the charging profiles have
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been identified by means of the Plug-in Electric Vehicle
and Charge Impact Model developed by the Natural
Resources Canada. The performance of the proposed
plant is investigated by considering two alternative backup systems in order to compensate the intermittency of
solar source: 1) a conventional 26.6 kWth natural gas-fired
boiler (VAILLANT), and 2) a 28.0 kWth natural gasfueled internal combustion engine-based microcogeneration unit (COGENGREEN). The primary energy
consumption, the equivalent carbon dioxide emissions
and the operating costs of the proposed district network
are evaluated based on the simulation results and
compared with those associated to a conventional
decentralized heating system assumed as reference with
the main aims of assessing (i) the feasibility of microcogeneration units integrated into DH systems, (ii) the
impact of EVs charging on MCHP profitability, as well as
(iii) the overall potential energy, environmental and
economic benefits of small-scale solar DH applications
integrating seasonal thermal energy storages.

Description of the district
The district served by the proposed plant is composed of
6 typical Italian single-family residences located in
Naples (latitude=40° 51’ 46” 80 N; longitude=14° 16’ 36”
12 E; Heating Degree Days=1,034). 3 different typologies
of residential buildings have been considered (A, B, C).
In particular, the district is composed of 2 buildings for
each typology; each building typology differs from the
others in terms of floor area, windows’ area, volume,
maximum simultaneous occupants, heat (heating and
domestic hot water) and electricity demands, as indicated
in Table 1.
Table 1: Description of building’s typologies.
Typology
A

Typology
B

Typology
C

Number of
buildings (-)

2

2

2

Floor/windows area
(m2)

60/84

78/102

114/230

Volume (m3)

230

370

448

Maximum
simultaneous
occupants (-)

3

4

5

Annual
heat/electricity
demand (kWh)

2808.6/
2344.6

3308.8/
2455.5

5174.4/
2692.5

Maximum daily
heat/electricity
demand (kWh)

43.7/11.6

52.9/12.9

62.8/13.8

For each building typology, a specific annual stochastic
profile (composed of 365 different daily stochastic
profiles) with a one-minute time resolution has been
considered for modeling both the occupancy profiles as
well as the electric demand profiles (related to lighting
and domestic appliances); these annual stochastic profiles
have been obtained based on the models developed by
Richardson et al. (2010). The annual internal gain profiles

for each building typology have been derived from the
above-mentioned profiles by assuming a heat gain of 70
/occupant, a heat gain of lighting systems equal to 70% of
nominal electric power as well as a heat gain for each
domestic appliance based on manufacturer data. In order
to be compliant with Italian legislation requirements (DM
26/06/2015), the thermal transmittance of the buildings
envelopes has been equated to the given threshold values
(2.40 W/m2K for windows, 0.36 W/m2K for roofs, 0.40
W/m2K for floors, 0.38 W/m2K for external vertical
walls), whatever the building typology is. The European
Standard EN 12831 has been used to calculate the air
exchange rate (assumed equal to 0.24 volumes per hour
for each building typology), i.e. the number of interior
volume air changes that occur per hour, induced by the
wind and stack effect on the building envelope. Several
sets of yearly load profiles for the domestic hot water
(DHW) demand have been specified within the IEA-SHC
Task 26 (Jordan and Vajen, 2001); each profile consists
of a value of water flow rate for every time step, with the
values and the time of occurrence of every incidence have
been selected by statistical means. In this study, a demand
profile with an average basic load of 100 l/day in the time
scale of 1 minute has been used for both building
typologies A and B, while a demand profile with an
average basic load of 200 l/day in the time scale of 1
minute has used for building typology C.

Description of the proposed plant
The schematic of the proposed Central Solar Heating
Plant with Seasonal Storage (CSHPSS) is reported in
Figure 1. In this figure, the following main components
can be identified: end-users (6 residential buildings), solar
collectors field (SF), heat dissipator (HD), short-term
thermal energy storage (STTES), borehole thermal energy
storage (BTES) with vertical double U-pipes borehole
heat exchangers, back-up system (BS), 2 heat exchangers
(HE1 and HE2), 6 electric vehicles (EVs), local individual
boilers (B) for DHW production, fan-coils (FC), pumps
(P), 3-way valves and pipes. The solar energy captured by
the solar thermal collectors is first transferred, through the
heat exchanger HE1, into the short-term thermal energy
storage; dissipation of solar thermal energy surplus is
obtained by blowing air across a finned coil heat
exchanger when the solar collectors outlet temperature is
higher than 95 °C. From the STTES, if there is a heating
demand, the solar energy is transferred through the heat
exchanger HE2 into the distribution network, and then to
the end-users for space heating (each building is equipped
with a group of fan-coils). If the solar energy is not
immediately required for heating purposes, it can be
moved from the STTES to the BTES during the whole
year (“BTES charging mode”). Only during the heating
season, thermal energy stored in the BTES field can return
into the STTES (“BTES discharging mode”) to integrate
the temperature level. During the charging phase, the flow
direction is from the center to the boundaries of the BTES
to obtain high temperatures in the center and lower ones
at the boundaries of the storage; the flow direction is
reversed during the discharging phase.
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Figure 1: Schematic of the proposed central solar heating plant.
In order to supplement the space heating demand when
the solar energy recovered and stored in the short- and
long-term storages cannot meet the energy requirements,
a back-up system is used. In particular, the following two
alternative cases involving different technologies have
been considered:
case 1) 26.6 kWth Main natural gas-fired Boiler (MB)
(VAILLANT);
case 2) 28.0 kWth natural gas-fueled internal combustion
engine-based micro-cogeneration unit (with a
nominal electric output of 12.0 kWel)
(COGENGREEN).
Table 2 summarizes the main characteristics of the
leading components. The total aperture area of solar
collectors (55.44 m2), the volume of the STTES (6.0 m3),
the volume of the BTES (435.8 m3) as well as the number
(8) and depth (12.43 m) of the boreholes have been
determined by the authors based on the simulation results
of a huge sensitivity analysis performed in a previous
study (Ciampi et al., 2018).
Natural Resources Canada has developed a Plug-in
Electric Vehicle and Charge Impact Model (Natural
Resources Canada); it is a versatile software tool that is
used to determine the impact of EV charging on the future
electricity grid, fuel costs and emissions. It is used in this
paper to create a set of 6 EV weekly charging profiles
(named EV1, EV2, EV3, EV4, EV5 and EV6)
representing scenarios based up actually driving data in
which EVs would drive two different daily distances (30
and 53 km) and would be charged at three different power
levels (2.2, 3.6 and 6.6 kWel). In this paper the proposed
CSHPSS has been analyzed with and without considering
a set of 6 plug-in EVs (one EV per each single builing)

characterized by the charging profiles indicated in Figures
2. Specifically, Figure 2a refers to profiles with a daily
driving distance of 30 km and Figure 2b refers to profiles
with 53 km as daily driving distance.
Table 2: Main characteristics of plant components.
Solar thermal collectors (Kloben)
Flat plate /
Collector technology / model
FSK 2.5
Apertura area of a single collector (m2)
2.31
Number of collectors
24 (8 rows)
Tilted angle / Azimuth / Orientation
30°/ 0°/ South
Short-Term Thermal Energy Storage (PARADIGMA)
Vertical
Typology
cylindrical tank
Volume (m3) / Height (m)
6.0 / 3.5
Boreholes Thermal Energy Storage
435.8
Volume (m3)
Borehole radius (m)

0.15

Number (-) / Depth of boreholes (m)

8 / 12.43

Thermal conductivity of soil (W/mK)

3.0

Thermal conductivity of grout (W/mK)

5.0

Center-to-center half distance (m)

0.05
0.0254 / 2.25

U-pipe spacing / borehole spacing (m)
Inner/outer radius of U-pipe (m)
0.01372 / 0.01669
Pipe / Gap thermal conductivity (W/mK)
0.42 / 1.40
Maximum storage temperature (°C)
90
Main Boiler (VAILLANT)
Fuel / Rated capacity (kW)
Natural gas / 26.6
Minimum turn-down ratio (-)
0.4
MCHP unit (COGENGREEN)
Fuel
Natural gas
Rated electric / thermal output (kW)
12.0 / 28.0
Rated electric / thermal efficiency (%)
27.9 / 65.1
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The electric requirements (due to domestic appliances,
lighting systems, pumps, fan-coils, EVs, etc.) are satisfied
with the electric energy supplied by the central grid for
the configuration with the Main Boiler as back-up system;
in the case of the MCHP unit is adopted as back-up
system, the cogenerated electricity is used directly in
order to cover the electric demand; any unused excess
electricity is sent to the power line, with the electric grid
covering the peak demands.
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Figure 2: EVs charging profiles with (a) 30 km as daily
driving distance, and (b) 50 km as daily driving distance.

Simulation models
The TRaNsient SYStems (TRNSYS) software platform
has been used to model and simulate the proposed plant
over a 5-year period with a simulation time step of 2
minutes. In this paper the TRNSYS Types have been
selected from the TRNSYS libraries and enhanced by
manufactures performance data or information available
in current scientific literature according to the common
characteristics of the components used in practice. The
duration of simulation period (5 years) has been defined
in order to consider that it takes time to fully charge the
seasonal storage. January 1st has been assumed as starting
date of the simulations.
The Type 56 has been used to model the buildings
composing the district. The Type 557a (Hellstrӧm, 1989),
adopted to model the BTES, is considered to be the stateof-the-art in dynamic simulation of ground heat
exchanger that interacts thermally with the ground and
has been used by several researchers for simulating
energy systems with BTES (Entchev et al., 2018). The
storage volume has the shape of cylinder with vertical
symmetry axis; within this cylindrical storage volume, the

ground is considered to be uniform. There is convective
heat transfer in the ducts and conductive heat transfer in
the ground. The layout of the borehole field is fixed
hexagonally and uniformly within the storage volume in
the simulation. The Type 534, used to model the STTES,
is based on the assumption that the tank can be divided
into fully-mixed equal sub-volumes; in this paper, the
STTES has been modelled with 10 isothermal
temperature layers to better represent the stratification in
the tank, where the top layer is 1 and the bottom layer is
10. The tank model has been calibrated based on
manufacturer data (PARADIGMA). Flat-plate solar
collectors have been modelled by using the Type 1b; in
this model, the collector efficiency has been defined by a
second-order equation and correction for off-normal solar
incidence is applied by a second-order incidence angle
modifier equation. The coefficients adopted in the
equations have been based on manufacturer specifications
(KLOBEN). The main boiler has been modelled by the
Type 700 by assuming its efficiency depending on the
thermal output according to the manufacturer
performance data (VAILLANT). Individual boilers
installed within the houses for DHW production have
been modelled by means of the Type 700 by assuming a
constant efficiency of 90%. The performance of the
MCHP unit has been defined by means of the Type 907
by assuming a simplified steady-state operation at
nominal conditions (thermal output=28.0 kWth, electric
output=12.0 kWel, thermal efficiency=65.1%, electric
efficiency=27.9%). Fan-coils have been modelled by the
Type 753d and calibrated based on manufacturer data
(AERMEC).
In this study, a single pair of supply and return pipes has
been used for both the distribution network as well as the
solar field collector circuit. The Type 31 has been used to
model the pipes and calculate the related heat losses by
assuming a loss coefficient equal to 0.05 kJ/(hm 2K). The
DH network pump has been modelled by the Type 742,
while the other pumps in the system have been modelled
by means of the Type 656. A specific weather data file
(EnergyPlus) has been considered for modelling the
climatic conditions of Naples; the weather data are one
year long and, therefore, have to be the same each year.

Control logics
The duration of the heating period has been assumed from
15th November up to 31st March. The DH network pump
operates continuously with a flow rate varying between
497.7 kg/h and 18,015.7 kg/h (depending on the number
of buildings requiring thermal energy for space heating)
during the heating season. The operation of the HE2 pump
depends on the inlet temperature of hot and cold sides
(Tin,HE2,hot, Tin,HE2,cold). The heat carrier fluid is a mixture
of water and ethylene glycol (60%/40% by volume)
flowing through the fan-coils only in cases when there is
a call for heat triggered by a thermostat installed in each
building. The target room temperature Troom,set-point is 20.0
°C only in the case of at least one occupant being inside
the building; when the room temperature Troom is lower
than 19.5 °C during the heating period, a mass flow rate
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of heat carrier fluid ṁFC flows into the fan-coils; the call
for heat signal will be disabled when the room
temperature reaches 20.5 °C. The set-point for the DH
supply temperature is 55.0 °C, so that the operation of the
back-up system (main boiler of MCHP unit) depends on
the inlet and outlet temperatures (Tin,MB/Tin,MCHP and
Tout,MB/Tout,MCHP). The target temperature of the DHW
mass flow rate ṁDHW is assumed equal to 45°C; the
operation of the individual boilers for DHW production
depends on their inlet/outlet temperatures (Tin,B/Tout,B).
The solar energy recover is based on the comparison
between the current values of temperature at node 10
(lower part) of STTES T10,STTES and the temperature of the
fluid exiting the solar collector field TSF,out. The BTES
charging/discharging is controlled based on the current
values of the temperature at nodes 1 (upper part) and 10
(lower part) of STTES (T1,STTES and T10,STTES), the
temperature in the center of BTES field TBTES,center as well
as the room target temperature Troom,set-point. In more detail,
during the BTES charging mode, the flow rate, which is
constant, is set to half of the nominal flow rate in the
collector array; in the BTES discharging mode, the flow
rate is set to the current value used in the distribution
network. Table 3 reports the control strategies for the
activation/deactivation of the plant components.

Description of the reference system
A conventional decentralized heating system (CS) has
been modeled and simulated to be compared with the
proposed CSHPSS while serving the same district with
and without the charging of 6 plug-in EVs. In the
reference heating system, each building is equipped only
with a natural gas-fired boiler (modelled with a constant
thermal efficiency of 90.0 % as well as a rated capacity of
26.6 kW) for both space heating and DHW production.
The heat carrier fluid flows through the radiators installed
inside the buildings with the same control logic adopted
in the proposed CSHPSS. The set-point of the individual
boilers is 55.0 °C for heating purposes, with a dead band
of 5.0 °C (as in the proposed CSHPSS). The DHW
demand profiles used for the proposed CSHPSS have
been also assumed for the reference heating system. As in
the proposed CSHPSS, the DHW temperature is assumed
to be produced at 45 °C.

Methods
In this paper the simulation results associated to the
proposed plant have been compared with those associated
to the conventional heating system assumed as reference.
The comparison has been performed in terms of primary
energy consumption, carbon dioxide equivalent emissions
and operating costs as detailed in the next subsections.
The energy comparison between the proposed and
conventional systems has been performed in terms of
primary energy consumption by means of the index
named Primary Energy Saving (PES):

(

CSHPSS
PES = E CS
p - Ep

)

E CS
p

where ECSHPSS
is the primary energy consumed by the
p
proposed system and ECS
is the primary energy
p
consumed by the conventional system. These terms are
calculated as follows:
ECSHPSS
= E th,MB ηMB + E p,MCHP +
p

(2)

+ E th,DHW ηB + Eel,import ηPP

ECS
p = E th,B ηB +
 Eel,individual pumps + Eel,lighting 
+
 η
 + Eel,domestic appliances + Eel,EV  PP



(3)

where Eth,MB is the thermal energy produced by the main
boiler, Ep,MCHP is the primary energy consumption of the
MCHP unit, Eth,DHW is the thermal energy consumed for
DHW production in the proposed system, Eel,import is the
electric energy imported/purchased from the grid in the
proposed system, Eth,B is the thermal energy supplied by
the individual boilers for both heating and DHW in the
conventional system, Eel,individual pumps is the electricity
consumed by the individual pumps (PA1, PA2, PB1, PB2, PC1,
PC2), Eel,lighting is the electric energy consumed by the
lighting systems, Eel,domestic appliances is the electric energy
consumed by the domestic appliances and Eel,EV is the
electric energy consumed for the electric vehicles
charging MB is the efficiency of the main boiler, B is
the efficiency of the individual boilers, PP is the power
plant average efficiency in Italy, including transmission
losses, assumed equal to 0.42 (Ciampi et al., 2018). The
electric energy imported/purchased from the grid Eel,import
is calculated, time-step by time-step, as the difference
between the overall electricity demand Eel,demand (due to
the pumps, heat dissipator, fan-coils, the lighting systems,
domestic appliances as well as electric vehicles charging)
and the electric energy congenerated by the MCHP unit
Eel,MCHP in the case of Eel,demand > Eel,MCHP.
The assessment of the environmental impact has been
performed in this study through an energy output-based
emission factor approach (Chicco and Mancarella, 2008)
in terms of global carbon dioxide equivalent emissions by
means of the following indicator:

(

CSHPSS
ΔCO2 = mCS
- mCO
CO
2

2

)

CS
mCO

2

(4)

where mCSHPSS
is the mass of carbon dioxide equivalent
CO
2

emissions associated to the proposed system and mCS
is
CO
2

the mass of carbon dioxide equivalent emissions
associated to the conventional system. The values of
and mCS
used in Eq. 4 have been computed as
mCSHPSS
CO
CO
2

2

reported below:
mCSHPSS
=  E th,MB ηMB +   E p,MCHP
CO 2
+   E th,DHW ηB +   E el,import

(5)

(1)
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(

mCS
=   E th,B ηB +
CO

ΔOC= OCCS - OCCSHPSS

2

 Eel,individual pumps + Eel,lighting 
+  

 + Eel,domestic appliances + E el,EV 



(6)

where  is the CO2 equivalent emission factor for
electricity production and  represents the CO2 equivalent
emission factor associated to the natural gas consumption.
According to the values suggested by Ciampi et al. (2018)
for the Italian scenario,  has been assumed equal to 573
gCO2/kWhel and  has been considered of 207 gCO2/kWhp.
Table 3: Control strategies of proposed CSHPSS.
ON

Solar pump &
HE1 pump

BTES pumps
(charging and
discharging)

CHARGING MODE
Heating period:
(T10,STTES – Troom,setpoint) ≥10°C AND
T1,STTES ≥ 60 °C AND
(T1,STTES - TBTES,center)
≥ 10°C
Cooling period:
(T1,STTES - TBTES,center)
≥ 10°C

( LHVng  ρng  ηMB ) +
+ UCng,MCHP  E p,MCHP ( LHVng  ρ ng ) +
+ UCng  E th,DHW ( LHVng  ρ ng  ηB ) +

OCCSHPSS = UCng  E th,MB

DISCHARGING
DISCHARGING
MODE
MODE
Heating period:
Heating period:
(TBTES,center - T10,STTES) (TBTES,center - T10,STTES)
≥ 5°C AND T1,STTES ≤
≤ 2°C OR
60 °C
T1,STTES > 65°C
DH network
pump

Cooling period OR
Heating period AND
(Heating period AND
Troom ≤ 19.5°C
Troom ≥ 20.5°C)

HE2 pump

DH network pump
ON AND
(Tin,HE2,hot –
Tin,HE2,cold) ≥ 5 °C

DH network pump
OFF OR
(Tin,HE2,hot –
Tin,HE2,cold) ≤ 2 °C

Main
boiler/MCHP unit

Heating period AND
ṁFC ≠ 0 AND
Tin,MB/Tin,MCHP < 50°C

Coiling period OR
ṁFC = 0 OR
Tout,MB/Tout,MCHP ≥
55°C

Individual boilers
for DHW
production

ṁDHW ≠ 0 AND
Tin,B < 45°C

ṁDHW = 0 AND
Tin,B ≥ 45 °C

The economic analysis has been performed by comparing
the operating costs of the proposed system with those of
the reference heating system by means of the following
parameter:

(8)

+ UCel  E el,import - UCel,sold  E el,MCHP,exp

Cooling period OR
Troom ≥ 20.5°C

CHARGING MODE
Heating period:
(T10,STTES – Troom,setpoint) ≤ 2°C OR
T1,STTES ≤ 55 °C OR
(T1,STTES - TBTES,center)
≤ 2°C
Cooling period:
(T1,STTES - TBTES,center)
≤ 2°C

(7)

The values of OCCS and OCCSHPSS used in Eq. 7 have
been computed as reported below:

OFF

(TSF,out - T10,STTES) ≥ (TSF,out - T10,STTES) ≤
10°C AND
2°C OR
T1,STTES ≤ 90 °C
T1,STTES > 90 °C

OCCS

where OCCSHPSS represents the operating costs
associated to the proposed system and OCCS represents
the operating costs associated to the conventional system.

OCCS = UCng  E th,B
Individual pumps Heating period AND
& FC blower
Troom ≤ 19.5°C

)

( LHVng  ρng  ηB ) +

 Eel,individual pumps +



+ UCel   E el,lighting +



 Eel,domestic appliances + E el,EV 



(9)

where UCng is the unit cost of natural gas consumed by
the boilers (ARERA), UCng,MCHP is the unit cost of natural
gas consumed by the MCHP unit (ARERA), LHVng is the
lower heating value of natural gas (assumed equal to
49,599 kJ/kg) and ng is the density of natural gas
(assumed equal to 0.72 kg/m3) (Ciampi et al., 2018), UCel
is the unit cost of electric energy purchased from the
central grid (ARERA), UCel,sold is the unit cost of the
cogenerated electricity exported to the grid (E el,MCHP,exp)
(GSE). The tariffs of both the electric energy as well as
the natural gas have been kept up-to-date according to the
Italian scenario (ARERA, GSE).

Results
The following 4 plant configurations have been simulated
and analyzed over a period of 5 years:
1) Boiler w/o EVs: CSHPSS equipped with the main
boiler as back-up system, without considering the
charging of 6 EVs;
2) Boiler with EVs: CSHPSS equipped with the main
boiler as back-up system, in the case of the 6 EVs have
to be charged;
3) MCHP w/o EVs: CSHPSS equipped with the MCHP
unit as back-up system, without considering the
charging of 6 EVs;
4) Boiler with EVs: CSHPSS equipped with the MCHP
unit as back-up system, in the case of the 6 EVs have
to be charged.
Figure 3 reports the values of PES as a function of the
simulation year for the above-mentioned 4 configurations.
This figure highlights that the values of PES significantly
increase from the 1st to the 2nd year of operation and then
become substantially constant; this is thanks to the fact
that the average temperature of the long-term thermal
energy storage mainly increases from the 1st to the 2nd year
of simulation, allowing for a more effective exploitation
of solar energy. Similar trends have been obtained for the
values of CO2 and OC, so that the performance during
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the 5th year of operation can be assumed as the steadystate value (whatever the plant configuration is).
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Figure 3: Values of PES as a function of the time.
Figure 4a reports the values of PES, CO2 and OC,
while figure 4b highlights the main energy flows during
the 5th year of simulation upon varying the configuration
plant; in particular, the electric energy generated by the
MCHP unit, the electric energy imported from the grid,
the electric energy exported to the grid, the net solar
energy recovered from solar collectors, the thermal
energy injected into the BTES, the thermal energy
extracted from the BTES, the thermal energy supplied by
the main boiler or the MCHP unit are indicated in Figure
4b.
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operating costs in comparison to the reference heating
system at any case;
the maximum values of PES5th year (8.1%), CO25th year
(5.4%) and OC5th year (8.2%) are obtained in the case
of the main boiler is used as back-up system, without
considering the EVs charging;
the worst energy, environmental and economic
performance (PES5th year=2.7%, CO25th year=2.3% and
OC5th year=4.0%) corresponds to the configuration
including the MCHP unit as back-up system together
with the EVs charging;
whatever the back-up system (main boiler or MCHP
unit) is, the EVs charging significantly reduces the
values of PES5th year, CO25th year and OC5th year in
comparison to the case when the EVs charging is not
taken into account; this is due to the fact that the
amount of electric energy imported from the grid
increases with the utilization of the EVs. The
reduction is more relevant when the boiler is adopted
as back-up system (with the values of PES5th year,
CO25th year and OC5th year lowered by about 3.4%,
2.3% and 4.8%, respectively) due to the fact that in
this case the total electric demand is fully covered by
the central grid (without the contribution of
cogenerated electricity);
in the case of the EVs have to be charged, the best
energy and environmental performance (PES5th
year
=4.7%, CO25th year=3.1%) are obtained when the
boiler is used as back-up system thanks to the fact that
the solar energy recovered from solar collectors is
more significant, allowing for a lower thermal
contribution from the back-up system (even if the
electricity imported from the grid is larger), while the
adoption of the MCHP unit allows to achieve a larger
saving in terms of operating costs (OC5th year = 4.0%)
thanks to (i) the lower unit cost of natural gas for
cogenerative use with respect to other applications, (ii)
the revenues associated to the electric energy (about
1.9 MWh) sold to the grid, and (iii) the reduced
electricity imported from the grid.

MCHP with EVs

Figure 4: (a) PES, CO2, OC, and (b) energy flows
during the 5th year of simulation.
Figures 4a and 4b show that:
• the values of PES5th year, CO25th year and OC5th year are
always positive, whatever the configuration plant is;
this means that the proposed configurations of the
CSHPSS allow to reduce the primary energy
consumption, the equivalent CO2 emissions and the

The energy, environmental and economic performance of
a solar hybrid district heating network integrated with a
seasonal borehole thermal energy storage are analyzed
and compared with those of a conventional heating
system upon varying the back-up system as well as the
electric demand profiles (with or without 6 electric
vehicles). The results highlighted that: (i) the proposed
configurations of the CSHPSS allow to reduce the
primary energy consumption, the equivalent CO2
emissions and the operating costs in comparison to the
reference heating system at any case; (ii) whatever the
back-up system (boiler or MCHP unit) is, the EVs
charging significantly reduces the overall performance;
(iii) if the EVs charging is not performed, the
configuration with the boiler as back-up system allows to
obtain better results with respect to the case with the
MCHP unit.
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Abstract
Finding the fit-for-purpose modeling complexity for
Building Integrated Photovoltaic (BIPV) systems in the
early stages of building design is challenging, because
typically at this stage the BIPV system is not yet designed
in detail, which limits the applicability of detailed
simulation models. This work targets to aid determining
in which cases simple (linearly responsive to partial
shading) PV system models are applicable for early-stage
building design support. To achieve this, a pre-screening
method is being developed using new metrics calculated
from high-resolution irradiance simulations. The method
was tested on different geometries and was proven to be
able to predict, under what conditions the linear model
would overestimate the PV performance.

Introduction
The increasing application of BIPV in urban
environments goes together with the installation of PV on
surfaces where shading caused by vegetation, other
buildings or building parts, such as dormers or balconies
regularly occurs (Freitas et al., 2015; Moraitis, 2018;
Zomer and Rüther, 2017a, 2017b). Considering the trend
toward performance-based building design and operation,
such new applications lead to a growing need to evaluate
the influence of partial shading on PV system
performance (Zomer et al., 2016). Depending on the
architecture of the power system of a BIPV installation
(e.g. stringing scheme and inverter types), the reduction
in output due to (partial) shading may not be linearly
related to the sunlit fraction or the average irradiance on
the PV surface (Bognár et al., 2018; Killinger et al., 2018).
BIPV systems consist of electrically interconnected set of
components: the smallest components are the PV cells,
which convert light to electric current at a specific
voltage. Cells are interconnected in series (and sometimes
in parallel) to form a PV module. Modules are seriesconnected to form PV strings, and strings are often
connected in parallel to form a PV array. Then the array
is connected to power electronics, such as Maximum
Power Point (MPP) trackers, inverters and transformers to
convert the direct current generated by the PV array to
alternating current in a usable voltage range. In this paper
we regard the power electronics as ideal systems, that is,
we do not consider inverter and MPP tracking losses, as
we want to investigate the modeling uncertainties due to

non-uniform irradiance on the PV array in their purest
form.
Table 1 shows the result of simulations conducted with
the tool PVMismatch (Mikofski et al., 2018) to illustrate
the non-linear relationship between average irradiance
and generated power. In this example, the irradiance is
1000 W/m2 on the sunlit modules, and 200 W/m2 on the
shaded ones. While the sunlit fraction and the average
irradiance on the two identical solar arrays (Figure 1a and
1b) are the same, the arrangement of the shadows is
different, causing a different power loss.
Simulation tools, such as PVMismatch (Meyers and
Mikofski, 2017) and PySpice (Salvaire, 2019) are
available to accurately conduct detailed, cell-level
electrical simulations for partially shaded PV systems.
The biggest obstacles to conduct such detailed
simulations – especially in the early stages of the building
design – are simulation time, and input information
availability about the PV system layout and geometry of
the occurring shadow patterns. Moreover, often the
building and the PV system model is simulated in separate
Table 1: Power generation, simulated with
PVMismatch, for an unshaded solar array (ø) and the
shading cases (a, b) shown in Figure 1.
Shading
case
Ø
A
B

Sunlit
fraction [%]
100
50
50

GAVG
[W/m2]
1000
600
600

PDC
[W]
5354
2581
3149

PDC
[%]
100
48
59

Figure 1: Example of a BIPV façade consisting of
four vertical strings (ten modules connected in series,
marked with the same color) connected in parallel
with different shadow arrangements (a) and (b).
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performance simulation tools such as EnergyPlus, and as
a result, the effect of partial shading is taken into account
in a simplified, linear way. When simple models are used
in a complex case of partial shading, significant
overprediction of PV performance is likely to occur (U.S.
Department of Energy, 2018), possibly leading to wrong
building design decisions or too optimistic return-oninvestment estimates. On the other hand, simple models
should be used when applicable, to avoid unnecessary
modeling work and errors introduced due to assumed
model input (Gaetani et al., 2016; Trčka and Hensen,
2010).
Deciding on the complexity of the applied (irradiance,
electrical, thermal) model needs to be done “a priori” and
is therefore a challenging task. The decision is highly
case-dependent and should be made on the basis of (i) the
available input, (ii) the aim of the investigation, and (iii)
the complexity of the investigated problem. There is
currently no guidance available to assist building
modelers during this process.
The current work aims to quantify the complexity of the
investigated problem for the case of performance
predictions of BIPV systems. Figure 2 shows the possible
cases of matching the complexity of the modeled
problem, and the complexity of the simulation model.
Once the complexity of the shading situation is
determined, the modeler can make an informed decision
to simplify the model – move from L-H to L-L at no cost
– or make it more detailed – move from H-L to H-H,
which often requires additional input and time. The model
pre-screening method that is proposed in this paper aims
to support such modeling decisions, leading to models
that are fit-for-purpose and can effectively support
building design decisions in the early stages of building
design.
The structure of the paper is as follows: The used
simulation tools are described in the Approach section.
Calculation of the model complexity indicators is defined
in the following Shade complexity metrics section. The
Case study section demonstrates the use of the preSHADING COMPLEXITY

COMPLEXITY OF THE SIMULATION MODEL

tools, with separate CAD models, complicating the
simulation workflow.
Studies have addressed the issue of simulation time by
parametrizing the shade loss model (Dallapiccola et al.,
2018; Meyers et al., 2016) aiding PV system designers to
evaluate and optimize the stringing design of a PV system
by enabling iterative testing of a large number of possible
configurations. This approach requires detailed irradiance
input, stringing design of the system and the parameters
of the used modules, and provides predicted DC power as
output. Others have addressed the issue of optimizing the
PV system layout on the building surface and battery
storage, taking economic considerations into account
(Lovati et al., 2018). The input in that research project
consisted of solar irradiance, electric demand profiles and
costs, and the output was the optimized battery capacity,
size and position of PV modules on the building surface.
Researchers have demonstrated the potential in linking
ray-tracing simulations with detailed electrical and
thermal simulation of PV cells in order to conduct
accurate simulations of complex BIPV systems
(Sprenger, 2013). Others have developed an irradianceelectrical-thermal co-simulation design tool with a
planned inclusion of a database of pre-defined BIPV
products to bridge the gap between BIPV system
manufacturers and building designers (Alamy and
Nguyen, 2018).
The scope of the challenge that is being addressed in this
paper is slightly different, as it intends to support building
energy modelers instead of PV system designers in the
early stages of the building design, when only the
geometry of the available built surfaces, location and
shading environment of the current building design
iteration tends to be known. In these situations, the lack
of information on the architecture of the BIPV system
with the diverse distribution of shadows on it can induce
a high degree of uncertainty in the simulated effect of
partial shading on the performance of the BIPV system.
Most of the currently available building energy software,
such as IDA ICE, IES VE, Trnsys and EnergyPlus, have
the capability to model PV yield, however, the power
output of the PV models tend to be modeled in a lumped
way in these tools, not considering that the elements of
the system affect each-other’s performance during
operation. Most PV modules include built-in bypass
diodes that prevent damage of shaded cells caused by
hotspots. When a PV module is partially shaded, the
shaded cells act as a resistance, and dissipate energy by
heating up. To protect the cells from overheating, the
bypass diodes activate and bypass the shaded cells
(Silvestre et al., 2009). As a result, module-level
mismatch losses occur in the PV system, and the
irradiance incident on the shaded cells is not utilized,
which leads to power output that is not linearly
proportional to the mean incident irradiance on the PV
system. Similar losses can occur on the system level,
where the interconnected modules affect each other’s
performance in case of a non-uniform irradiance
distribution. Such system and module level electrical
interconnections cannot be modeled in building

L-L

H-L
Simple model is
suitable

L-H

High risk of
overprediction

H-H
Not fit for
purpose

Requires a lot of input
information. Mostly
feasible in a later stage
of building design

Figure 2: Simplified complexity matrix of BIPV
system simulations.
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Figure 3: Irradiance simulations with DS/Rad of a BIPV facade for an (a) external obstruction, (b) fins on the façade.
screening method, then conclusions are drawn and plans
 Generate irradiance sensor points based on the desired
for future work are described in the last section.
sensor point density and write the .pts file

Write the .hea file, that contains DS/Rad simulation
Approach
parameters
The work in this paper uses as assumption that the
 Manage the file structure and execute the DS/Rad
complexity of the irradiance distribution on a PV surface
simulations
is affecting the linearity of the losses due to partial

Postprocess and visualize the results
shading. There is a strong linear correlation between the
Daypym
builds on Eppy (Philip et al., 2019) and
power output of a PV system and the mean incident
GeomEppy
(Bull, 2019), and was designed to smoothen
irradiance, if the irradiance on the active surface is
the
linking
of
building energy simulations (EnergyPlus)
uniform. On the other hand, the linear correlation is
with
high
resolution
irradiance simualtions (DS/Rad) and
weaker, in the case of a more complex, uneven irradiance
electrical
simulations
of PV systems (PVMismatch). In
distribution. Surface irradiance distributions, which are
this paper DS/Rad-PVMismatch simulations are used to
relatively easy to obtain with state-of-the-art irradiance
emulate reality, and the performance of EnergyPlus’
simulation tools, are the only input necessary to determine
irradiance and linear PhotovoltaicPerformance:Simple
the shading complexity of a BIPV system. The discrete,
PV system model is compared to this to quantify the
numerically specified solar irradiance function on a
building surface can be formalized as:
complexity of different shading conditions. The aim is to
develop a model pre-screening method, that is capable of
G = ƒ(x, y, t) ,
(1)
determining the applicability of linear PV models for
where the solar irradiance at a given point on the surface
early-phase design support by only analysing the
(G) is a function of the position (x and y coordinates on
irradiance distribution on the PV system. Three types of
the surface) and time (as the solar position and irradiance
geometries were investigated. Two of them are shown in
conditions change at every timestep). The irradiance
Figure
3, and a third is discussed in more detail in the Case
function is discrete in the spatial domain, because the
study
section.
number of sensor points is finite, and discrete in time,
because the simulations are conducted at distinct
Shade complexity metrics
timesteps. To generate the irradiance function the rayIn this section, metrics are proposed that attempt to
tracing method of DAYSIM/Radiance (DS/Rad) is used
capture the non-uniformity of the irradiance over the
(Reinhart and Walkenhorst, 2001). The necessary inputs
investigated façade on a timestep level. The long-term
are:
aim is to find a connection between the irradiance
 Geometry of the surface in question
distribution and the simulation error of linear PV system
 Geometry and reflectance properties of the potentially
models. The first two metrics (SF and GAVG ) are
shadow-casting surfaces of the surroundings
commonly used, and can be calculated with EnergyPlus.
 Weather data for the given location
Calculating the rest of the metrics requires irradiance
 Desired density (pts/m2) of the irradiance sensor
simulation with a higher spatial resolution, e.g. irradiance
points
simulated with DS/Rad over a sensor point grid, as can be
seen in Figure 3.
 Irradiance simulation parameters required by DS/Rad
To preprocess and execute the irradiance simulations,
Sunlit fraction
Daypym (Bognár and Loonen, 2018) was used, which is
Sunlit fraction is the ratio of the sunlit surface area (𝐴𝑠𝑙 ),
a Python module developed to:
and the whole surface area (𝐴):
 Translate EnergyPlus geometry to DS/Rad readable
𝐴𝑠𝑙
(2)
.rad files
SF =
.
𝐴
________________________________________________________________________________________________
4453
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________

(a)

As a first step, for each sensor point, the central
differences of the simulated irradiance are calculated for
the x direction:
(4)
|𝐺𝑖,𝑗+1 − 𝐺𝑖,𝑗−1 |
𝑑𝑥𝑖,𝑗 =
,
2
and for the y direction:
(5)
|𝐺𝑖+1,𝑗 − 𝐺𝑖−1,𝑗 |
𝑑𝑦𝑖,𝑗 =
.
2
See figure 4 for interpretation of 𝐺𝑖,𝑗 in the sensor point
grid.

Gi-1, j-1

Gi-1, j

Gi-1, j+1

Gi, j-1

Gi, j

Gi, j+1

dyi, j

This metric can be calculated with EnergyPlus. Its value
is 1 in case of a fully sunlit surface and 0 in case of a fully
shadowed one. A value of 0 or 1 indicates, that no shadow
edges are present on the surface, therefore the irradiance
distribution is very close to uniform, however, in reality,
some non-uniformity of irradiance might be caused by
diffuse shading or reflection from other surfaces, which
can only be captured by high-resolution irradiance
simulations.
Mean irradiance
Mean irradiance is the most commonly used metric to
describe irradiance on a surface. EnergyPlus calculates it
from the sunlit fraction and the direct, sky- and grounddiffuse irradiance for a given surface. In the case of
DS/Rad simulations, it is the mean of the calculated
irradiance values over the sensor point grid. Mean
irradiance does not provide information about the
distribution of the irradiance, but it is useful for
weighting, when calculating aggregated yearly values of
other metrics.
Contrast
Contrast is calculated as:
𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛
(3)
C =
,
𝐺𝑚𝑎𝑥
where 𝐺𝑚𝑎𝑥 is the highest and 𝐺𝑚𝑖𝑛 is the lowest
irradiance on the surface. The contrast metric is useful to
investigate whether bypass diodes are being activated in
the PV system, which might lead to module- or systemlevel mismatch losses that can only be captured with more
detailed PV system models.
Normalized mean gradient
For this metric, the simulated irradiance values for a grid
of sensor points over the PV system is required, (see
Figure 3 and 4) to capture the variability of the irradiance
on the surface.

dxi, j
Gi+1, j-1

Gi+1, j

Gi+1, j+1

Figure 4: Irradiance sensor points in a grid.
The resultant irradiance gradient for each point can then
be calculated as:
(6)
𝑑𝑥𝑖,𝑗 2
𝑑𝑦𝑖,𝑗 2
√(
𝑑𝑥𝑦𝑖,𝑗 =
) +(
) .
𝑑𝑥𝑚𝑎𝑥
𝑑𝑦𝑚𝑎𝑥
For an m*n grid of sensor points, the result is an n*m
matrix of gradients. Note, that we normalized the gradient
components with the maximum possible gradient for a
given timestep:
(b)

Figure 5: DS/Rad simulation of irradiance marked with color, and the calculated gradients marked with arrows for
a surface with (a) no hard shadows on it, and (b) with the shadow of a pole.
________________________________________________________________________________________________
4454
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________

𝐺𝑚𝑎𝑥
(7)
,
2
to make it independent of the value of irradiance. The
normalized mean gradient for a given timestep is
calculated as:
𝑚 𝑛
(8)
𝑑𝑥𝑦𝑖,𝑗
𝑑𝑁𝑀 = ∑ ∑
.
𝑚∗𝑛
𝑑𝑥𝑚𝑎𝑥 = 𝑑𝑦𝑚𝑎𝑥 =

𝑖=1 𝑗=1

Figure 5 shows the calculated 𝑑𝑥𝑦 for each sensor point
represented with an arrow, and the irradiance values with
color (note, that the scale of the arrows is different for
Figure 5a and 5b). Figure 5a shows the gradient for a
surface that is relatively uniform. There are no hard
shadows on it. Some non-uniformity is caused by diffuse
shading and reflection from the ground causing small
gradients between the sensor points. Figure 5b shows a
case, when a pole casts a hard shadow on the surface,
causing a large gradient at the shadow edges. The
hypothesis is that if the normalized mean gradient for all
sensor points in the matrix for a given timestep is small,
then the irradiance distribution is uniform, leading to
small simulation errors with linear PV system models.
Directionality
If we examine Figure 5a and 5b, we can notice that the
gradients generally have a horizontal direction in both
cases. This means, that the change in irradiance in the
horizontal direction is generally larger, than in the vertical
one. According to the example shown in the Introduction
section, this can provide useful information for PV system
design, to determine the direction of module wiring in a
way, that the irradiance of a substring is more uniform.
For example, in Figure 1a the directionality is negative
(horizontal shadows), and in 1b the directionality is
positive (vertical shadows). Directionality is calculated
as:
𝑑𝑥𝑖,𝑗 − 𝑑𝑦𝑖,𝑗
(9)
D =
.
𝑑𝑥𝑖,𝑗 + 𝑑𝑦𝑖,𝑗

(see Figure 6). The system with 5354 total DC Wp is
shadowed by a pole, to demonstrate if the proposed
metrics can predict the usability of linear PV models for
performance prediction.
Figure 7a shows the results of DC power output
simulations with EnergyPlus and with PVMismatch on
the 6th of March. In the case of EnergyPlus, the irradiance
and PV models are built-in EnergyPlus models, while for
the detailed simulations the irradiance is calculated with
DS/Rad over a 40*40 sensor point grid (one irradiance
sensor point for each PV cell) and the PV power output is
calculated with PVMismatch. Moreover, for the detailed
case, stringing information is also provided for a
horizontally and a vertically strung PV system case. For
the EnergyPlus model, stringing is invariant; it cannot be
modeled. The weather input is an hourly IWEC weather
file for Amsterdam, the Netherlands.
Results – unshaded period

Case study
A case study of a BIPV façade made out of 40 40-cell
modules with 134 Wp nominal power each is investigated

Figure 6: Shadow of the pole on 6th of Mar. at 11:57

Figure 7: (a) Simulated power with the EnergyPlus PV
model and PVMismatch, (b) Simulated irradiance with
EnergyPlus and DS/Rad, (c) Normalized mean
gradient, (d) Contrast, and (e) Directionality on the 6th
of March.
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We can observe in Figure 7a, that when no shadows are
present, like at 09:00, (i) there is no difference between
the horizontal and vertical stringing case for
PVMismatch, and (ii) the difference between the linear
EnergyPlus, and the more complex DS/Rad-PVMismatch
simulations is small. Most of this small difference comes
from the different irradiance model of EnergyPlus and
DS/Rad. The simulation was ran with a 5-minute timestep
in both cases. While EnergyPlus linearly interpolates the
hourly weather file solar data for sub-hourly irradiance
calculations, DS/Rad uses a stochastic model to introduce
variation in the upsampled data (see Figure 7b).
Results – shaded period
In the period, when a shadow is present on the surface,
like at 11:57, (i) stringing arrangement causes a difference
in the power output of the detailed PVMismatch models,
and (ii) there is a significant difference between the
EnergyPlus and the PVMismatch models. The
performance drop of the EnergyPlus model is linearly
proportional to the irradiance loss due to shading (i.e.
mean irradiance), while in reality and in the case of the
detailed model, the performance drop is dependent on the
size, shape and position of the shadow, and the PV system
layout. It can be observed in Figure 7c, that when 𝑑𝑁𝑀 is
close to zero (low shading complexity), the linear PV
model performs similarly to the more complex one, while
at high 𝑑𝑁𝑀 (high shading complexity), the results
deviate. The same can be observed in Figure 8, where it is
demonstrated, how 𝑑𝑁𝑀 can be used for predicting the
applicability of linear models. Figure 8a shows the result
of the linear EnergyPlus simulation. Each dot on the
scatter plot represents the simulated power as a function
of surface average irradiance for each timestep on the 6th
of March. As a result of the analysis of the irradiance
distribution, each point was marked with the 𝑑𝑁𝑀 value.
High 𝑑𝑁𝑀 values indicate that, at the given timestep, the
linear model will overpredict the performance. In Figure
8b, results of the simulation with PVMismatch show, that
indeed, the points with high 𝑑𝑁𝑀 fell off the linear
irradiance-power curve.

Results – directionality
The shadow of the pole in this example is very
prominently vertical, causing two sudden transitions in
the horizontal direction. This can be observed in Figure
5b, 6 and 7e. When the shadow of the pole is present, D is
close to 1, indicating that almost all change in the
irradiance is in the horizontal direction. Using the surface
average irradiance (𝐺𝑚𝑒𝑎𝑛 ) for weighting, the yearly
irradiance weighted 𝐷 for the BIPV façade is 0.44,
indicating that using vertical stringing (similar to the
stringing shown in Figure 1) instead of a horizontal
scheme, leads to smaller mismatch losses on a yearly level
due to partial shading.

Conclusions
With the goal of assisting building energy modelers to
select the appropriate complexity level of BIPV
performance prediction models, this paper has shown the
development and testing of indicators that can estimate
the occurrence of PV mismatch losses on the basis of
irradiance simulations, without the need of conducting
high-resolution electrical simulations. The results of the
presented case study simulations have demonstrated that
the normalized mean irradiance gradient (𝑑𝑁𝑀 ) can be a
good predictor of the applicability of linear PV system
models. Moreover, it was concluded that the proposed
indicator for quantifying directionality of change in the
simulated irradiance on the surface can provide relevant
input for the purpose of detailed BIPV system design.
Conducting high spatial resolution irradiance simulations
only requires model input that is typically available in an
early stage of the building design (e.g. PV stringing
schemes or inverter types are not needed as input). As
such, the approach has potential to be used as a prescreening method, to verify the validity of the
assumptions of preliminary linear models, namely that
linear PV models predict the performance well, when the
incident irradiance is uniform over the whole surface of
the PV system. High values of 𝑑𝑁𝑀 signal the occurrence
of non-uniform irradiance distributions, warning the

Figure 8: (a) EnergyPlus and (b) PVMismatch PV power simulation results as a function of average surface irradiance on
the 6th of March, with 𝑑𝑁𝑀 marked for each timestep. High 𝑑𝑁𝑀 indicates that the linear model will overpredict.
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modeler that the linear PV model is likely to overpredict
the performance of the system. Often, design decisions
can still be made with such a model. For example if
reaching a certain yearly PV yield is required for
including BIPV to the design, and this limit is not reached
even with the “optimistic” model, the modeler can be
certain, that increasing the model complexity will just
reduce the predicted yield, therefore the decision can
already be made to exclude the BIPV system from the
design. On the other hand, if a linear early-stage model
predicts that the system just reaches the required yield
limit, and the 𝑑𝑁𝑀 over the year is low, the decision can
be made to include BIPV to the building design, as the
risk of overprediction with the linear model is low.
Limitations and future work
Current paper is the presentation of an ongoing effort to
quantify the complexity of the irradiance distribution on
PV surfaces, thus aiding modeling decisions in the early
stage of building design. Future work will address the
following issues:
 What threshold should be used for 𝑑𝑁𝑀 to accept a
linear model as applicable with low risk of
overprediction? Based on the presented case study, a
𝑑𝑁𝑀 = 0.02 seems to be a reasonable threshold,
nevertheless, this value can be specific for this
geometry and PV system architecture. Therefore, in
future work investigation of other case studies, with
various geometries will be conducted in order to
generalize these findings.
 Is 𝑑𝑁𝑀 the best metric to evaluate the complexity of
irradiance distribution on a surface? According to
Figure 7, 𝐶 and to some extent 𝐷 and 𝑆𝐹 can also be
a suitable indicator. The correlation between the
various indicators, and their potential divergence, will
be investigated further by exploring other case studies
with various shading scenarios.
 PV system performance is usually evaluated on a
yearly level. Therefore, the applicability of linear
models should also be evaluated based on yearly
performance. While at each timestep the 𝑑𝑁𝑀 metric
can be calculated, it is normalized with the maximum
irradiance on the surface. Timesteps with lower
irradiance have smaller impact on the annual yield,
which should be addressed with a robust irradianceweighting method for calculating the yearly 𝑑𝑁𝑀 .
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Abstract
The paper presents a parametric study that investigates the
role of energy storage technologies in solar-assisted heat
pump (SAHP) systems. The aim is to increase the selfconsumption of renewable energy of the systems using
thermal and electric storages without oversizing the
system, while minimizing the installation cost. The
analysis is carried out for both heating and cooling
seasons. Several configurations of solar-assisted heat
pump systems are assessed by means of energy
consumption and cost, for a reference period of 20 years.
A standard air-source heat pump is defined as reference
system, to compare the results obtained for the SAHP
solutions, in terms of reduction of the energy consumption
and money saving.

Introduction
The building sector covers an important part of the energy
consumption in Europe. In 2015, Eurostat reported a final
energy consumption rate of 1084 Mtoe for the European
Union (EU) countries. About 40% of the total
consumption amount is related to the building use. In the
same year, the European primary energy production of
renewable energy reached 205 Mtoe, which is roughly
19% of the final consumption. Considering the data
provided by Eurostat in 2015, the renewable energy
production is supplied mainly by hydropower (14%),
wind power (13%), solar power (6%), and geothermal
energy systems (3%).
Several directives were implemented by EU to increase
the use of renewable energy sources and reduce the final
energy consumption (Antoniadis and Martinopoulos
2017): the Directive 2009/28/EC fixed a 20% target for
the overall renewable energy share by 2020 (European
Parliament 2009); the Directive 2010/31/EC defined the
minimum performance factors for existing and new
buildings, and introduced the Net Zero Energy Building
(NZEB) concept (European Parliament 2010). The NZEB
is characterized by a very low energy demand and a large
share of renewable energy produced on-site or nearby.
Among other solutions, heat pump systems are considered
a very promising technology to reach these energy
efficiency targets.
The use of heat pumps for cooling and heating in
buildings allows to design electricity-based systems that
have the potential to reduce the use of fossil fuels in the
sector (Januševičius and Biekšienė 2013). For example,

the combination of heat pump systems with rooftop solar
installations (PV or thermal) leads to a large production
and self-consumption of renewable energy on-site
(Tzivanidis et al. 2016; Bellos and Tzivanidis 2017;
Lerch, Heinz, and Heimrath 2014; Buker and Riffat
2016). Several scientific and technological issues have
been identified concerning the design of solar-assisted
heat pump systems and, for this reason, control strategies
and an optimal design are required (Hardorn 2015). Many
studies about SAHP systems are related to the project IEA
SHC Task44/HPP Annex 38 (T44A38) “Solar and Heat
Pump Systems” (M. Haller et al. 2013), launched in 2010
within the Solar Heating and Cooling Program and the
Heat Pump Program by the IEA (International Energy
Agency). The project lasted 4 years and more than 50
participants from 13 countries have collaborated to
achieve common goals about research, development and
demonstrations about solar and heat pump systems.
Different solutions for SAHP system configurations were
proposed and tested. Considering these systems, two of
the main issues are the intermittency of the renewable
energy source and the time gap occurring between the
solar energy availability and the energy demand of the
building. To bridge this gap, the demand side
management and the use of energy storage are the most
widely accepted solutions to ensure the optimal operation
of the systems.
Energy storage technologies integrated with solarassisted heat pump systems are a profitable solution to
increase the self-consumption of solar energy in the
building (Battaglia et al. 2017; Fischer et al. 2017; Moser
et al. 2017; Bee, Prada, and Baggio 2016). The solar
energy is accumulated in the storage during the peak
production hours until the building requires it, instead of
being wasted or sent to the grid (Facci et al.). Electric and
thermal storage technologies have been studied for
different application in SAHP systems. Thermal storages
can use latent or sensible heat to collect the energy. By
increasing the temperature level of the storage, the
amount of energy that can be stored increases, but at the
same time also the thermal losses increase. In addition, if
the thermal storage is used to store the energy produced
by the heat pump during the PV operation hours, the
increase of the storage temperature leads to a decrease in
the heat pump performance. Considering water as the
most widely used storage medium, the heat storage
capacity is about 70 Wh/m3, using temperatures between
20 and 80 °C (Hardorn 2015). Higher capacities could be
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reached with higher temperatures of the storage, but the
temperature level for the storage integration in a solarassisted heat pump system is limited by the maximum
condenser temperature of the heat pump. The energy
capacity of a water thermal storage is very low if
compared with the best available electric storage
technologies. For instance, the energy capacity for a
lithium-ion battery goes from 150 to 200 Wh/kg (Ibrahim,
Ilinca, and Perron 2008). On the other hand, other
important parameters should be considered when
comparing electric and thermal storages, such as costs and
the lifespan of the technologies. For a small-scale
LiFePo4 battery suitable for residential use, the average
price of around 1000 €/kWh was reported in 2017 (Moser
et al. 2017), with a predictable calendar life of 15 years
(Moser et al. 2017) and a progressive decrease of the
efficiency during the period.
The majority of the studies about solar-assisted heat pump
systems consider only heating and domestic hot water
production. Only few studies analyse cooling application
(Henning 2007). The applications of cooling technologies
with thermal solar collectors has a small diffusion, due to
high costs and technical obstacles to reach adequate
performance level (Al-alili, Hwang, and Radermacher
2013).
In this paper, the analysis of SAHP systems is carried out
for three reference buildings having different energy
demand levels, considers both heating and cooling
application. The impact of the integration of thermal and
electric storage on the overall system consumption is
assessed investigating different system configurations
and control strategies. The results are expressed as
primary energy consumption and installation costs, to
identify the optimal solutions over a reference period of
20 years.

Methods
Case study
For the system simulations a reference building is
considered (Figure 1), based on the boundary conditions
of IEA SHC Task44 (M. Haller et al. 2013). The reference
building proposed in this study is a two-storey building
with 140 m2 heated floor area (S/V=0.59). The building is
divided in four thermal zones: two thermal zones are
defined for each floor of the building, one in the north part
and one in the south part of the building.

Figure 1: reference building for the case study
The insulation thickness of the building envelope varies,
defining three different building-load scenarios: a high
insulated, a medium insulated, and a low insulated
building are defined to represent namely an

unrefurbished, a refurbished and a new building. The
buildings are characterised as shown in Table 1.
Table 1: Average thermal transmittance levels of the
building envelope
High
insulation

Medium
insulation

Low
insulation

Wall

0.18W/m2K

0.25 W/m2K

0.66 W/m2K

Ground floor

0.18W/m2K

0.26 W/m2K

0.54 W/m2K

Roof

0.17W/m2K

0.24 W/m2K

0.60 W/m2K

Window

0.86W/m2K

1.27 W/m2K

2.68 W/m2K

Ceiling

0.20W/m2K

0.38 W/m2K

0.41 W/m2K

The annual energy demand of the buildings is calculated
for the climate of Bozen, in northern Italy. The heating
and cooling demand are obtained using the TRNSYS
simulation software and considering the climate data of
the test reference year. The time-step used in the
simulations is 1 hour. The building is modelled using the
multi-zone building subroutine type 56 in TRNSYS. The
domestic hot water (DHW) demand is estimated of
around 186 l per day based on the Italian standards,
considering the hourly demand profile defined by the
European Standard (European Committee for
Standardization-CEN 2016). The DHW tank is defined
using type 4, with a capacity of 150 l and a loss coefficient
of 0.83 W/m2K. The air change rate is set to 0.5 vol/h
during the heating season and 1.5 vol/h during the cooling
season. For the high insulation case, a heat recovery
ventilation system is considered. The total energy demand
for the three cases are 40.2 kWh/m2, 79.2 kWh/m2 and
143.5 kWh/m2, as shown in Table 2.
Table 2: Building energy loads for each reference
scenarios

Heating
Cooling
DHW
Total

High
insulation
18.8 kWh/m2
4.5 kWh/m2
16.9 kWh/m2
40.2 kWh/m2

Medium
insulation
57.6 kWh/m2
4.6 kWh/m2
19.6 kWh/m2
79.2 kWh/m2

Low
insulation
122 kWh/m2
4.6 kWh/m2
16.9kWh/m2
143.5kWh/m2

System simulation
The systems’ evaluation started with the definition of a
reference system. An air-to-water heat pump (type 917)
operates to provide space heating, space cooling and
domestic hot water. For the space conditioning, the HP is
coupled with a radiant floor panel system which works in
both heating and cooling modes. To avoid the risk of
condensation on the floor panels during the cooling
operation, an air dehumidifier component (type 688) is
modelled. The radiant floor panels are defined in the
building model, as active layers within the floor. The
water exiting the HP is provided with priority to the DHW
tank when the temperature in the DHW tank goes below
the set-point temperature (50 °C), or to the space-heating
circuit, where the hot water flow is divided and controlled
for each of the thermal zone. The temperature zone
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Figure 2: Schematic representation of the air-source heat pump system, with the three proposed
implementations for the system
control is provided using four thermostats (type 108)
using a temperature dead band of 1°C and the set-point
temperature of 20 °C for heating and 26 °C for cooling.
Then, three different implementations for the heat pump
system are proposed (Figure 2):
1. The integration of a buffer water tank within the
hydronic distribution circuit;
2. The installation of solar collectors for the DHW
production;
3. The installation of a photovoltaic plant and the
integration of a battery storage system.
The optimization of these solutions is evaluated
considering different component sizes and control
strategies, as explained below. In the first case, the system
is implemented by adding a water tank between the heat
pump circuit and the radiant panel circuit of the building.
The water tank is modelled with the type 60 in TRNSYS,
as a stratified storage tank with 150 l volume. The loss
coefficient of the buffer tank is assumed equal to 0.83
W/m2K. The temperature is controlled by two aquastats
for heating and cooling modes (type 2), using a
proportional controller (type 1669), which controls the
water temperature level considering the external
temperature. The maximum and the minimum
temperature allowed for the water tank are 35 °C and 20
°C during the heating season. For the cooling season, the
tank temperature varies from 26 °C to 18 °C. The effect
of the tank temperature control is evaluated for two cases.
In the first case, the temperature control is on when at least
one of the building zone thermostats is on. In the second
case, the temperature of the water tank is maintained at
the set-point temperature for 12 hours, after the last
control signal of the building zone thermostats.
Then, the integration of solar collectors is assessed for
DHW preparation. The solar plant is composed by flatplate collector arrays (Type 1), installed with a slope of
45°. The impact of solar thermal collectors is investigated

assuming the sizes of 1, 5 and 10 m2 of panel installation.
The collectors provide heat directly to the domestic water
tank, until the tank reaches the temperature of 60 °C. In
this case, the size of the DHW tank is increased to 300 l.
The possibility of overheating the tank to 70°C is
evaluated. In the end, a photovoltaic plant is integrated in
the system, with a nominal power of around 1.20 kWp.
The photovoltaic module is defined with type 94 in
TRNSYS, as a polycrystalline module with an array slope
of 45°. The electricity produced by the photovoltaic plant
is directly delivered to the heat pump when required. The
impact of the integration of an electric storage system is
estimated. The electric storage (type 47) is a lead-acid
battery with a cell energy capacity of 1.2 kWh and a
charging efficiency of 0.9. The total capacity of the
battery is defined by the number of cells, which varies
from 1 to 16. In a first case, the photovoltaic energy is sent
with priority to the battery until it is charged, and then the
electricity is sent to the grid or to the HP when required
(charging mode CM1). In a second case, the electricity is
sent to the battery only when the HP is not working
(charging mode CM2). When the battery is totally
charged, the electricity is sent to the grid. The
optimization for the proposed solutions are summarised in
Table 3.
Table 3: Building energy loads for each reference scenarios

SH tank control
DHW tank
temperature
SC size
Electric battery

Minimum
value
0h
60 °C

Maximum
value
12 h
70 °C

Variation
step
12
10

1 m2
1.2 kWh

10 m2
19.2 kWh

5
4.8

Economic analysis
The economic analysis is carried out considering the Life
Cycle Cost (LCC) of investment and energy costs of the
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systems. The LCC is calculated using the formula (1),
considering a discount rate r of 0.03.
𝐿𝐶𝐶

𝐶𝑜𝑠𝑡
1 𝑟

(1)

Where n is the number of years of the reference period. In
the study, the total cost is calculated for a reference period
of 20 years. The energy cost is calculated considering an
electricity price of 0.19 €/kWh. Then, the LCC is
annualized to the starting year, using the following
formula (2).
𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑔𝑙𝑜𝑏𝑎𝑙 𝑐𝑜𝑠𝑡

1

𝐿𝐶𝐶 𝑟
1 𝑟

(2)

Results
The system simulations are run for the whole year,
considering both heating and cooling seasons. For each
insulation case, the reference system is simulated,
considering a standard air-source heat pump. Then, the
heat pump system is implemented with the integration of
a buffer tank within the distribution circuit, the
installation of solar collectors for the DHW production,
and the installation of photovoltaic plant with a battery
storage system. The results are expressed as primary
energy consumption, using a conversion factor for the
electricity of 1.95.
For the high insulation case, the integration of the buffer
tank leads to an increase of the energy consumption of
about 50% (Figure 3). Due to the building’s low energy
demand, the water flow through the radiant panels is
activated only for short periods of time and heating a
larger quantity of water in the buffer tank is
disadvantageous. The water collected in the tank is
unused for large periods of time, and due to the thermal
losses of the tank, the energy required to the heat pump
for the whole system increases. Furthermore, changing
the temperature control mode of the buffer tank, and
maintaning the set-point temperature for 12 hours after
the last thermostat signal from the thermal zones becomes
more disadvantageous, bringing the increase of energy
consumption to almost 65%. The same consideration are
also valid for the medium insulation case, where an
increase of about 55% is found with both control modes.
Different results are found for the low insulation case. In
this case, due to the high energy demand of the building,
the heat pump works with higher temperatures and lower
perfomance. The heat pump provides heat with priority to
the DHW tank when required, and during this time the
space heating is stopped and the temperatures in the
thermal zones decrease. The integration of the buffer tank
allows the space heating to work also when the DHW is
required, maintaining the temperature in the thermal
zones more stable. In this case, the energy consumption
decreases by 5 to 7% for the two regulation modes.

Figure 3 : Primary energy consumption for the three insulation
cases, for the two reference systems (boiler and air-source HP,
and for the heat pump system with the integration of a water
tank within the distribution system

The integration of the solar panels is evaluated
considering an installation area of 1, 5 and 10 m2. Two
different control strategies are applied, considering the
maximum temperature for the DHW tank of 60 °C in the
first case, and 70 °C in the second case. For the high
insulation case (Figure 4) the total energy consumption
are reduced up to 18% considering the maximum
temperature of 60 °C. By overheating the tank up to 70
°C, the reduction of the consumption reaches 24%.

Figure 4: Primary energy consumption of the systems with the
integration of thermal panels for the high insulation case,
considering different installation sizes and the maximum DHW
tank temperature of 60 and 70 °C.

The integration of the thermal panels in the systems
combined with the integration of the buffer tank in the
space heating circuit brings the energy consumption to the
level of the reference system with the heat pump only. For
the medium insulation case (Figure 5), the total energy
reduction reaches 10% with 60 °C and 15% with 70 °C.
Considering the low insulation case, the maximum energy
reduction is 31% (Figure 6).
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Figure 5: Primary energy consumption of the systems with the
integration of thermal panels for the medium insulation case,
considering different installation sizes and the maximum DHW
tank temperature of 60 and 70 °C.

Figure 6: Primary energy consumption of the systems with the
integration of thermal panels for the low insulation case,
considering different installation sizes and the maximum DHW
tank temperature of 60 and 70 °C.

The installation of a 3.24 kWp photovoltaic field is
assessed for the three insulation cases. First, the
photovoltaic plant is installed with no battery and then the
integration of a storage system is evaluated. In the high
insulation case (Figure 7), the maximum energy reduction
reached is 27%. The results show that increasing the
battery capacity from 9.6 to 19.2 kWh doesn’t lead to any
significant additional energy reduction. For the medium
insulation case the reduction is 24% (Figure 8). Again,
increasing the battery capacity from 9.6 to 19.2 kWh
doesn’t affect the energy reduction significantly. For the
low insulation case (Figure 9), the maximum reduction is
19%, that is reached for the system with the water tank
integration and the CM2 control strategy for the battery
charge. In this case, the results show that the integration
of the electric storage is not effective for the energy saving
of the system, if compared with the installation of the
photovoltaic plant without energy storage.

Figure 7: Primary energy consumption of the systems with the
integration of PV panels for the high insulation case,
considering an electric storage capacity varying from 0 to 19.2
kWh. Two control strategies for the PV-battery system are
investigated: CM1 if the energy from the PV is sent with
priority to the battery until the total charge, CM2 is the PV
energy is sent directly to the heat pump when required.

Figure 8: Primary energy consumption with the integration of
PV panels for the medium insulation case, considering an
electric storage capacity varying from 0 to 19.2 kWh.

Figure 9: Primary energy consumption of the systems with the
integration of PV panels for the medium insulation case,
considering an electric storage capacity varying from 0 to 19.2
kWh.
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Figure 10: Annualized global cost and primary energy consumption rate per year for the proposed systems

An economic analysis was carried out for all the systems.
The LCC for each system is calculated considering the
investment cost and the energy cost for a reference period
of 20 years. Then, the LCC is annualized to assess the
annualized global cost. The relation between primary

energy consumption and the global cost of each system is
shown in the graph (Figure 10). The three colors show the
results for the three insulation cases. The optimal
solutions are characterised by lower energy consumption
and lower cost, and they can be identified in the graph as

Figure 11: Unitary energy cost and investment cost for the proposed systems
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the points on the lower left part for each case. In
particular, the installation of the photovoltaic plant for the
high and medium insulation cases, are the most expensive
but, at the same time, the most efficient systems. For the
high insulation case (grey colour) the SC installation turns
out to be the optimal solution, while for the medium
insulation case the PV becomes competitive in
comparison to the SC. For the low insulation case, the PV
installations are again the most expensive solutions, but
not the most efficient. In this case, the integration of
thermal panels results more efficient for the energy
reduction of the system.
Considering the different implementation strategies, it is
noticeable that the increase of the size components after a
certain level leads to a high increase of annualized global
cost with a slight decrease of the energy consumption.
This aspect is shown in the graph (Figure 11) showing the
relation between investment cost and energy cost. In this
case, the systems with higher investment costs are
characterised by lower energy costs. The reduction of the
energy cost leads to pay back the higher investment costs
over the year, making the most efficienct systems more
profitable from an economic point of view.

Conclusions
This paper shows the energy consumption of different
systems applied to a residential building in Bozen, in
northern Italy. The building is modelled with three
different insulation cases. Starting from a reference
system, designed with an air-source heat pump, other
systems are defined integrating a buffer tank within the
distribution system, the installation of solar thermal
panels and photovoltaic panels, with and without electric
storage system.
The effectiveness of the energy storage integration has
been evaluated for the three cases:


The use of a buffer tank results profitable for the
low insulation case, but not for the high and
medium insulation cases. This is because the
buildings with lower energy demand have a
small space heating energy use, and the energy
stored in the buffer tank is greatly affected by
thermal losses. For the low insulation case, the
number of charging and discharging cycles is
greater, and the use of the buffer tank is effective
to maintain the zones’ temperatures more
constant when the DHW is also required.



The integration of the battery within the PV
installation is effective for the high and medium
insulation case. Moreover, increasing the storage
capacity over the 9.6 kWh doesn’t increase
significantly the energy saving of the systems.
For the low insulation case, doesn’t impact
significantly the results if compared to the PV
installation without energy storage.
In the end, specific considerations can be made for the
three insulation cases:


For the high insulation case, the integration of
PV and SC panels lead to similar results in term

of energy reduction (27% and 24% respectively).
However, the PV integration results less
profitable considering the annualized global
cost, if compared with the SC.


For the medium insulation case, the integration
of SC is less effective in term of energy
reduction (15%), if compared with the PV panels
integration (24%). In this case, the higher
investment cost for the PV system can be
profitable over the reference period, due to the
lower energy cost.



For the low insulation case, the integration of PV
panels becomes less effective, with a maximum
reduction of 19%, while the SC installation can
lead to an energy reduction of around 30%.

Nomenclature
CM
DHW
HP
LCC
NZEB
PV
SAHP
SC

Charging Mode
Domestic Hot Water
Heat Pump
Life Cycle Cost
Net Zero Energy Building
Photovoltaic
Solar Assisted Heat Pump
Solar Collector
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Abstract
The diffusion of BIPV systems involves the education of
young professionals, nowadays used to design tools that
should allow integrating this possibility since first
sketches of buildings. However, most tools are more
suitable for designs in later stages. This paper presents a
feasibility study using Rhinoceros application software
and plugins Grasshopper and Ladybug to assess BIPV
design in institutional buildings in Brasília, Brazil. The
research method consisted using only those application
tools for designing, simulating and analyzing PV
proposals. The most favorable results were found in the
proposals for taller buildings, with larger effective area
available for PV integration. The results of this work
may serve as a basis for future design tools development
and highlights the importance of the integration between
three-dimensional modelling software and the simulation
tools of BIPV systems.

Introduction
In the current context of the growing search for
alternative renewable energy sources, photovoltaic
systems integrated to building envelopes (BIPV) are one
of the most exploited technologies in the world. It is a
sophisticated means of producing electricity in the site,
directly from solar radiation and does not cause
significant environmental damage (IEA, 1995).
However, the vast majority of those systems (above
90%) are located outside the tropics of the planet, where
the solar resource is not so abundant (Nobre, 2015).
BIPV (Building Integrated Photovoltaics) and BAPV
(Building Attached Photovoltaics) systems appropriates
their envelopes, converting them into power plants.
Thus, the energy produced can supply this building with
part or all of the energy required for its operation,
requiring no extra area or additional infrastructure
facilities. It can therefore be used in the urban
environment, close to the consumption point, avoiding
transmission and distribution (T&D) infrastructure
losses, specially desirable in a extensive distances, as
Brazil (Rüther and Zilles, 2011).
According to studies led by Cronemberger et al. (2012),
the Brazilian territory is characterized by high levels of
solar irradiation with a wide range of possible
orientations and inclinations, making BIPV systems
suitable for roofs and façades in various types of
buildings. In façades with elements tilted between 40º

and 90º the solar potential represents between 60% and
90% of the maximum global solar irradiation, making
them as good options for PV integration. Vertical 90º
façades may have nevertheless enough incident
radiation, mostly for North orientations in cities with
latitudes between 15ºS and 30ºS, as Brasilia (Latitude 15,6 º). Moreover, Brazil counts with a favorable NetMetering scheme regulated since 2012 which aims to
integrate energy from renewable sources such as
photovoltaics into public grid (ANEEL, 2015). Other
studies have concluded for the technical and economic
viability of distributed PV systems in many regions of
this country (Gomes et al, 2018).
Brasília, located in the center-west region of Brazil, has
an average annual insolation of 2368,3 hours (INMET).
In the central region of the city there is a considerable
number of modern institutional buildings inserted in a
climate context conducive to the integration of PV
systems. Oliveira and Amorim (2017) identified
architectural characteristics of commercial and
institutional buildings in the center of Brasília, which
suggest the potential of their envelopes for generating
electricity.
The diffusion of PV technology necessarily involves the
education of young professionals, accustomed to tools
that should allow integrating this possibility even in the
first designs phases of a building. It is precisely in these
early stages that decisions made may affect directly the
BIPV possibilities. Approximately 80% of the design
decisions that influence a building's energy performance
are made by architects in the early design phase; the
remaining 20% are made by engineers at the later phases
of design (IEA Task 41, 2010). However, in general,
most of the sizing and calculation tools of PV systems
are more suited for detailed design rather than for early
design phase (IEA Task 41, 2010).
To consider the integration of PV systems since the first
stages of design, it is necessary to count with reliable
tools that allow a basic FV energy simulation linked to
3D modeling software are emerging. The present work
aims to examine the use of the widespread used
modeling software Rhinoceros and plugins Grasshopper
and Ladybug, in the feasibility study for BIPV and
BAPV façades in retrofits of institutional buildings in
the central zones of Brasília. The results of the analysis
of some real buildings, both from an energetic and an
architectural point of view, are presented.
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Methods
The research method consisted in the design, simulation
and analysis of BIPV systems in 7 (seven) institutional
public buildings in the central zone of Brasília. The
constructive data and power consumption profiles of the
chosen buildings were obtained from the partial results
of the research project underway at the Laboratory of
Environmental Comfort of the Faculty of Architecture
and Urbanism of the University of Brasília (LACAMFAU-UnB), entitled “Monitoring and compiling data for
thermal performance, natural light and energy efficiency
assessments in buildings and urban areas”.
Initially, the most suitable façades for PV integration
were identified, considering near shadings and available
solar irradiation. Afterwards, we proposed BIPV design
alternatives, which have been used to carry out
simulations of electricity generation for each of the
façades in selected buildings. Finally, the energy balance
was calculated, considering the annual consumption real
data. All simulations and drawings were performed
using Rhinoceros and plugins Grasshopper and Ladybug.
The climatic dataset used was extracted from the EPW
(EnergyPlus Weather File) and SWERA data (Solar and
Wind Energy Resource Assessment).
For energy compensation, Net-Metering scheme
regulated by National Regulatory Agency for Electricity
(RN482/ANEEL) was used. This mechanism establishes
that a consumer connected to a public grid can export
energy to it to later consumption, in a monthly basis.
There is only energy exchange, where the distribution
network work as limitless storage system (ANEEL,
2015). So, each kWh generated in-site is exported to grid
to be later compensated with another kWh imported
from there.
Buildings selection
The architecture of Brasília is very marked by the
presence of modernist characteristics. A large part of the
city’s buildings has up to 6 floors, ground level with
pilotis and a rectangular projection. For a better effect in
the research, the selected buildings obeyed the criterion
of having more varied architectural typologies and
similar characteristics of energy consumption. In this
way, public institutional buildings located in the center
of Brasília (Figure 1) were chosen.

Figure 1: Building´s in city center, Brasilia, Brazil.
They were classified in three groups: up to 2 floors,
between 3 and 6 floors, and above 6 floors (Table 1). For
the purposes of this study, the number of floors does not
include basement, used as parking lots, as far as the

classification only intends to compare the building´s
potential surfaces for energy production.
Table 1: classification of buildings.
Classification groups
Up to 2 floors
Between 3 and 6 floors
Above 6 floors

Names
Buildings A and B
Buildings C, D and E
Buildings F and G

Generation of 3D models and identification of the
most suitable surfaces for BIPV systems
Rhinoceros was chosen because of the existing
knowledge on the part of the researchers about its tools,
the easiness of creating 3D models, its wide diffusion
among professional and architecture students. Besides
that, many application plugins were developed to
perform the desired PV simulations. It also allows
modelling geometries with great complexity as well as to
import different file formats and convert them into the 3dimension proprietary format. This means a high user
flexibility because it is possible to import a physical
model already available in other formats as well as to
create a new one, thus bypassing the need for a GIS
model (Costanzo et al., 2018).
The buildings and their immediate surroundings were
modeled based on plants, sections and façades obtained
from the LACAM research project database and satellite
images taken from geographical web-database from
Secretariat of State for Territory and Housing
Management of the Federal District (SEGETH-DF).
After virtual models were completed, the Grasshopper
and Ladybug plugins were used to perform solar
irradiation simulations. Grasshopper is a graphical
algorithm editor integrated with Rhino’s 3-D modelling
tools. Because it is a parametric modeler connected to
3D rendering software, the plugin has been extensively
utilized in the field of virtual modelling. Parametric
modelling refers to the automated parameter-based
generation of any project elements. This means that the
generation and variation of the elements within a project
is controlled with specific algorithm generated rule-sets
(Eltaweel and SU, 2017). Ladybug is a plugin of
Grasshopper capable of performing simulations in the
area of environmental design based on the geometry
generated in Rhinoceros or Grasshopper and the climate
file EnergyPlus weather file (EPW) of the desired
location. In addition, this environmental information can
be connected parametrically to the project data in order
to understand the influence of weather and location on
the studied project. (Eltaweel and SU, 2017).
The input parameters and data required to perform the
solar irradiation simulations were the Brasília climate
EPW file; the geometry for which radiation analysis will
be conducted; the context geometry that could block
sunlight to the test geometry; the analysis period; a
vector to be used as a true North direction and the
average size of a grid cell for radiation analysis on the
testing surfaces.
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The data generated with the simulations were the amount
of radiation in kWh/m² falling on the input test geometry
at each of the test points; a colored mesh of the test
geometry representing the radiation in kWh/m² falling
on this input geometry and the total radiation in kWh
falling on the input test geometry.
Through the results obtained, it was possible to identify
the most favorable surfaces to BIPV system in each
building.
Types of PV integration
From the simulations of irradiation and evaluation of the
most favorable surfaces for PV integration, solutions
were proposed taking into account the architecture of the
building itself, as well as its immediate context. The
decision regarding slope and orientation of the modules
was based on the annual global irradiation analysis chart
proposed by Cronemberger et al (2012) (Figure 2).

Figure 2: Graph of annual global irradiation in Brasília,
upon all tilts and azimuths. Source: Cronemberger et al
(2012)
The criteria for choosing the modules to be installed
were cell type, efficiency and dimensions. In the façade
design proposals, aesthetics was an important factor for
the choice of the modules, either customized or off-theshelf market characteristics. Customized modules have
the advantage of having greater flexibility in their
dimensions, thus covering a surface with a greater
effective area, increasing the power potential of the
system. The characteristics of the market type module
chosen are presented in Table 2. Efficiency used in the
simulations was the same for both cases.
Table 2: Characteristics of the modules used in the
simulations
Dimension (cm)
Width (cm)
Area (cm²)
Active Percentage of Module
Efficiency
Nominal Maximum Power (W)
Temperature Coefficient (Pmax)
Nominal Module Operating
Temperature (NMOT)
Specifications

99,2 x 165
3,5
16368
90%
18,02%
295
-0,50%/ºC
43±3ºC

Grasshopper and Ladybug parameters
After performing the three-dimensional representation of
the integrated systems, available irradiance on modules
surfaces and AC energy generation were simulated. The
flat surfaces where the PV modules were applied and the
geometries representing the surroundings were modeled
on the Rhinoceros oriented with the correct azimuth
according to each PV integration design proposal. The
percentage of surfaces destined to receive the PV
modules varied according to the type of module adopted.
For market modules, the percentage used was consistent
with the capacity to fill the area of the surfaces by
modules of dimensions specified in Table 2. For
customized modules, the percentage adopted was 100%.
The Ladybug component that calculates the losses of the
PV system and the transformation of DC power to AC is
the "DC to AC derate factor." The losses considered in
the simulations were the annual shading, where the value
is calculated through the component "Sunpath Shading"
based on the geometries of the 3D model. The remaining
component of the input "DC to AC derate factor" were
left with the default values (age, snow, wiring, soiling,
and mismatch connections) or marked as 0 (availability,
nameplate rating and light induced degradation).
The characteristics of PV modules used in the
simulations are described in Table 2. In addition to these,
it was necessary to inform the mounting configuration of
the modules and the percentage of area of active
modules (percentage of the module's area excluding
module framing and gaps between cells). The
configuration used was "Open rack" (ground mount
array, flat / sloped roof array that is tilted, pole-mount
solar panels, solar canopies, BIPV installations with
sufficient backside airflow) and the percentage of active
module area used was 90%.
The data obtained with the simulations were: AC energy
for each hour during a year; total AC power output for a
whole year; an average AC power output per day for a
whole year; DC power output of the PV array for each
hour during a year; total radiation per hour; cell
temperature for each hour during year; PV surface tilt
angle; PV surface azimuth angle and system size.
With the data obtained in the simulations, energy
balance for each building was calculated, considering the
Net-Metering RN482/ANEEL regulation.

Results
Given the large number of results obtained through the
adopted methodology, the results are presented in detail
for Building G, whilst for the others only the final results
are later exposed and analyzed.
Building G has façades with large glazed areas and
azimuths of 16,57º, 106,57º, 196,57º and 286,57º.

60 Polycrystalline
Silicon cells
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Figure 3: Building G - Availability of annual irradiation
on façades 1 (North) and 2 (West).

Figure 4: Building G - Availability of annual irradiation
on façade 3 (East) and 4 (South).
There are no sun shading elements on any of the façades.
Regarding the surrounding context, Building G receives
partial shadowing of other buildings to the north and
east, resulting that North, West have the most suitable
façades to produce energy (Figures 3 and 4), receiving
yearly 700-1.000 kWh/m2 and up to 897.789,52 kWh in
the whole façade surface (Table 3).
Table 3: Solar irradiation for G Building façades
Façade
North
South
East
West

Azimuth
16,57º
286,57º
106,57º
196,57º

Figure 6: Design 1 for photovoltaic integration in
façades of Building G.
Design 2 – PV modules designed to be also sun shading
elements in North, West and East façades, but now tilted
from 20º to 90º (Figure 7):

Figure 7: Design 2 for photovoltaic integration in
façades of Building G.
Design 3 – PV modules designed as double skin façades
North, West and East oriented, with some level of
transparency (Figure 8):

Solar irradiation (kWh/year)
897.789,52
573.763,19
429.535,62
489.360,79

Based on the results obtained, East, North and West
façades showed to be favorable to receive PV systems
(Figure 5, indicated in red):
Figure 8: Design 3 for PV integration in façades of
Building G.
Due to the different design options, those with more area
available to install nominal power presented better
energy balance, from 3,16% up to 8,05%. Customized
PV models’ results were always slightly better rather
than market modules, due to a bigger area for PV cells
(Table 4).
Figure 5: More favorable surfaces for PV integration.
The available irradiance data on the building surfaces
made possible the following PV integration proposals:
Design 1 – PV modules designed to serve also as sun
shading elements in North, West and East façades, 20º
tilted (Figure 6):

Table 4: Energy balance results for Building G (%)

Design 1
Design 2
Design 3

Energy balance (%)
Market PV
4,76
3,16
7,58

Custom PV
5,10
3,35
8,05

The same design and simulation steps were taken to all
building types. Best energy balance results are exposed
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in Table 5. Some of them were not considered suitable to
receive PV modules into their façades, due to the
shadowing, either self provoked or from neighboring
buildings.
Table 5: Best energy balance results for all building
types (%)
Up to 2 floors
A
B
*
2,66

From 2 to 6 floors
C
D
E
5,50
*
3,22

Above 6 floors
F
G
10,56
8,05

(* façades not suitable to PV integration)
Overall, simulations calculated from 2,66% up to
10,56% of energy balance, higher proportions for taller
buildings. It happened because they are not so affected
by shading in this central urban area of city. Figures 9 to
12 show some of their design integration typologies - PV
ventilated double skin façades and sun shading devices.

Figure 9: Design for PV integration in the façades of
Building B – PV ventilated double skin façades.

Figure 10: Design for PV integration on the façades of
Building C – PV ventilated double skin façades

Figure 12: Design for PV integration in the façades of
Building F – PV ventilated double skin façades and sun
shading devices.

Discussion
To use this methodology of simulation in some project it
is necessary to have knowledge in the areas of
architecture, PV technology and basics of 3D modelling.
A greater mastery of the Rhinoceros and Grasshopper
modelling tools is not necessary for the early phases of a
project, and it is possible to perform the simulations
from simplified geometries.
During all phases of a project the time required to
perform certain tasks is crucial to the progress of the
work. Therefore, the time required to run the simulations
is a factor of interest for the professionals in charge of
each stage of a BIPV design project. Modeling a 3D
design, organizing the components and data in
grasshopper are tasks that depend on the level of
knowledge and familiarity with the application by the
person performing the simulations, so the execution time
of these tasks was not counted. In general, the
simulations ranged from 2 minutes to 6 hours. This
variation was largely due to differences in geometry
from one model to another. More detailed models with a
larger number of surfaces required more simulation time.
The possibility of joining the parametric design with the
PV technology is a very interesting aspect for the choice
of the software used in this methodology. Studies such
as Jayathissa et al (2016) and Eltaweel and SU (2017)
showed that there are a number of Grasshopper and
Rhinoceros tools that can lead to innovative and
aesthetically differentiated solutions that may increase
the potential for energy generation, besides encouraging
the creation of new technologies.

Conclusion

Figure 11: Design for PV integration on the façades of
Building E – PV ventilated double skin façades.

The methodology adopted in this paper highlights the
importance of integrate three-dimensional modeling
software to PV systems simulations tools. The software
used in the study proved to be efficient in the objective
of generating results for BIPV designs when retrofitting
existing buildings. Due to the simplicity and easiness of
learning, these tools are also useful in all phases of
building design, especially in the early stages of design,
when important decisions that affect PV energy
possibility are taken. The choice for using them is more
related to the knowledge required in architecture and PV
issues, rather than the ability with the software itself.
Therefore, professionals and students in both areas will
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not find significant difficulties to adopt them to design
BIPV alternatives to new and existing buildings.
The results of the simulations showed that although the
tilted modules used as sun-shading devices presented
better performance in relation to the total available solar
irradiation, BIPV arranged vertically could occupy more
area of the façades, allowing to install higher nominal
power.
Because they are located in an urban area, all the
analyzed buildings presented a considerable shadowing
provoked by neighboring buildings or high vegetation.
This shading prevented the use of entire façades or even
part of them to PV integration surfaces. With the results
of energy generation obtained it was possible to verify
that the taller the building, the greater the capacity to
produce energy through PV modules installed in the
façades. The most efficient typologies for the generation
of energy were those that used the largest active area of
photovoltaic cells. Vertical surfaces of tall buildings,
equipped with customized modules with large
percentage of effective photovoltaic area were the best
energy producers.
Despite the high electricity consumption in the buildings
studied, solar energy produced by the BIPV systems in
façades managed to supply up to 10,56% of the annual
consumption. This fact demonstrates that although it
does not fully supply the energy consumption of a
building, photovoltaic integration in façades is able to
reduce considerable energy costs in institutional
buildings. The adoption of energy efficiency strategies,
like efficient air conditioning and lighting systems may
increase this balance sheet.
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Abstract
Several initiatives have started to move the building stock
towards a more self-sustained and self-reliant one, with
respect to energy use. In most countries, photovoltaic
installations have great potential to make a dwelling
energy-autonomous. To do so, the PV installation has to
be coupled with a battery bank that will be capable of
storing enough energy in the periods with large solar
resource so it can be delivered to the periods with little or
no resource. Several tools are available to investigate
what capacity is needed in terms of storage to optimise the
PV+batteries installation and to minimise the time that the
user may suffer a black-out, without unnecessarily
increasing the battery size and therefore its price. These
tools are rather accurate, however, their use tends to be
limited to technical professionals such as engineering
firms or academia. A tool that is simple enough to be used
by anybody involved and that is accurate enough to give
similar answers to those obtained with complex dynamic
simulators, would be of great value, and will promote the
deployment of such solutions. This paper shows a
methodology that uses modelling and simulation for the
creation of dimensioning charts, that could be use with
this purpose. The method has been tested in two locations
and it seems to be robust despite the demand profiles; and
also, it seems to give accurate answers for dimensioning
battery systems.

Introduction
The integration of photovoltaic (PV) systems in the built
environment is widely regarded as one of the key enabling
technologies in the incumbent transition towards a society
that runs on sustainable energy. PV has rapidly increased
its market diffusion, owing largely to both technical
advances that have resulted in continuously decreasing
costs (Barbose and Darghouth, 2015), and effective
incentive schemes (Bertsch, Geldermann, & Lühn, 2017),
which have brought new investments into the sector.
Since the output of PV systems is primarily determined
by highly intermittent solar radiation, it cannot be
perfectly forecasted, and exhibits considerable temporal
variability. Because of this, owners of photovoltaic
systems can either self-consume the produced electricity
by covering the building energy demand, or, in cases
when supply exceeds energy demand, can inject it into the
grid, thereby using the electricity grid as an energy
storage. In some countries, financial support schemes are
in place to provide compensation for energy delivered to

the grid, in the form of e.g. net metering or feed-in tariffs
(Ossenbrink, 2017). However, driven by the decreasing
levelized cost of energy (LCOE) of PV and the critical
concentrations of intermittent decentralized energy in
some areas, regulatory bodies are now contemplating to
terminate or reform these incentive schemes for electricity
prosumers (Huijben and Verbong, 2013; Comello and
Reichelstein, 2017). This scenario will likely result in
positive economic opportunities for PV-battery systems,
keeping in mind that battery storage costs have also
dropped significantly in recent years (Vieira, Moura, &
Almeida, 2017). When PV is coupled with a battery
system, the excess electricity during the sunny period is
buffered to be later used during no/low-solar radiation
periods, thus reducing the amount of energy drawn from
the power grid and consequently increasing selfsufficiency of the system. Besides the grid-connected
decentralized power generation units, the traditional
application cases for PV-battery systems include
standalone and hybrid installations in rural/remote areas,
where system availability aspects are of the utmost
importance.
To get an attractive value proposition for PV-battery
systems, it is important to design them is such a way that
a good level of storage utilisation is accomplished, in
relation to the amount renewable energy production and
the corresponding demand side considerations. This is a
challenging task, because both meteorological parameters
(i.e. weather/irradiance sequences) and load profiles are
highly dynamic and stochastic, featuring both seasonal
and diurnal variations.
In recent years, several studies have used building
performance simulation (BPS) to assist in exploring tradeoffs in battery sizing.
For example, Thygesen and Karlsson (2014) carried out
simulation of a residential building in Sweden served by
a solar-assisted heat-pump system using TRNSYS, in
order to investigate the impact of a storage system design
on PV electricity self-consumption rate. Assessment of
the economic impact of demand-side management
achieved by integrating of electrical batteries in positive
energy buildings was done by Dumont et al. (2017), who
performed simulations in Dymola/Modelica environment.
Cao, Hasan, and Siren (2013) explored strategies for
reducing the annual mismatch between the PV/microwind turbine production and demand from a detached
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house in Finland, with a particular focus on hybrid
thermal-electrical storage analysis, whereas lead-acid
battery is modelled by Type 47b in TRNSYS.
Albeit being very powerful, these detailed studies using
BPS also have a number of drawbacks, in particular
related to the high input requirements, the required level
of expertise, and difficulties in generalizing findings to
other application cases.
On the other end of the spectrum are simple sizing
methods relying on design days and average load profiles.
Detailed analyses of the pros and cons of different sizing
methods are presented in the review papers (Khatib,
Ibrahim, & Mohamed, 2016; Rawat, Kaushik, & Lamba,
2016). Essentially, most of these sizing procedures try to
establish relationships between the PV system’s nominal
power and energy storage capacity, meeting a certain
reliability of supply that is tolerated by the user. The
traditional performance indicator that is used for this
characterization is loss of power probability (LPP) and the
outcome of sizing procedures is often presented in form
of sizing curves.
Recently, Meunier et. al. (2015) have outlined the
importance of using realistic load profiles instead of
average/maximum energy consumption, for PV-battery
system optimization, in particular for such criteria as
system autonomy, self-consumption ratio and number of
battery cycles. Moreover, in research by Fragaki and
Markvart (2008), it was found that that significant
variations in battery system utilization are experienced
from year to year, and that monthly averages do not
provide enough information regarding extended day-today spells of low irradiance. For risk-informed sizing of
PV-battery systems, it is therefore important that this kind
of variability is also integrated in the relevant boundary
conditions of sizing procedures.
The goal of this paper is to identify ways of developing
sizing tools that focus on simplifying the work that needs
to be done by the practitioner. With this in mind, graphical
sizing charts (Nomograms) have been created. The charts
can be an easy-to-use-tool that can be attached to
professional guides and technician books so they can get
an impression on what system to select with one glance.
It was interesting to see that although the aim of this wok
was the development of this graphs, some learnings have
been obtained from this research exercise.

Methodology
This work aims at developing a generic approach that can
accommodate many combinations of demand patterns and
storage systems. It is therefore important to extract
generally applicable parameters, and to perform a
synthesis exercise to ensure that the input parameters of
the approach are widely available. With this, we are able
to create a normalisation method that would allow to use
the sizing chart for many different applications.
Normalisation
The normalisation has to be such, that maintaining the real
significance of the project, moved the numbers to a
normalised space that will extract all the relevant ratios

and proportions.

Solar yield

Demand

Accumulation

Figure 1. Triangle of interrelationships on a PVbatteries installation.
The production or yield provided by the PV panels will
serve the demand, and for any deficit or surplus,
interaction with the battery storage system has to take
place. Sizes of PV installations are characterized using the
nominal power in Wp, which represents the yield of the
PV system under standard conditions of irradiance, which
are fixed to 1000W/m2. This value of Wp can be
considered as a good proxy of the potential yield of the
installation. Also, the power demand of the dwelling is a
key parameter, and one can anticipate that the proportion
between the two is an important figure. This ratio will
provide an idea of the proportion between the energy that
could be expected from the solar panels compared to the
demand. This ratio is therefore fundamental for the
understanding of the level of surplus that one may expect.
It is for this reason that the first ratio we compute is the
average electric demand, normalised with the nominal
power of the PV installation, and we call it the Power
Generation Ratio.
PGR = P average demand / P PV watt-peak

(1)

This normalisation allowed us to use the same charts
irrespective of the size of the dwelling, its electrical
requirements or the size or the installed PV systems. With
this number, we are taking only into account what is
relevant for the problem at hand, which is the ratio
between what is produced and what is consumed. Also,
we see that for each location this ratio will have a turning
point which is interesting for the sizing of the
installations. If one imagines a PGR that is very small,
then the PV installation will generate enough electricity
for covering most of the time the power demand. If on the
contrary, the PGR is very large, then one will see that even
with batteries it will not be possible to cover the demand
of the house, as there will be not enough energy in
absolute values in the yield of the generators to cover
demand.
There will be then a set of PGRs in which the batteries
will be highly relevant and will bring the installation into
optimal utilisation. This ratio will depend on the location
at hand, and will go from the PGR that makes the annual
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yield equal to the annual demand (larger PGRs will have
black outs despite of the battery size), we call that the
critical PGR (PGRcrit).
After this normalisation, it is possible to continue
evaluating the problem and normalise also the capacity of
the battery system. The most common unit used for
battery systems is the energy storage capacity in kWh. It
is straightforward to add the same normalisation to this
unit, so we obtain a ratio with dimensions of time, which
is highly relevant for the dimensioning of the system.
Time is also the unit to measure potential black-outs
which is conveninet. Because of this, we use the following
normalisation for the capacity of the batteries:
Cnorm = Battery capacity / P PV watt-peak

(2)

With these two normalised values it is possible to start
defining ways in which the sizing charts could be
developed. The objective figure for the sizing was chosen
to be days of black out.
Simulation
The idea of this work is to perform as much preprocessing as possible and as general as possible with the
weather data, so the work that needs to be done at the
practitioner’s side is reduced to a minimum. For this, we
took advantage of a series of parameters of PV
installations that are seen to be in most cases within small
ranges and use those for pre-processing the data. Our
assumptions were that these ranges will not add much
error to the dimensioning charts. The parameters are
explained in the following.
One of these parameters was the performance of the
batteries. Electric batteries have different technologies.
However, due to their different characteristics (mainly
volume and weight) some technologies are more popular
than others for domestic applications.
The fact that a value of performance for charging and
discharging is available and holds true for most devices
allows to develop a simulation framework that would
evaluate the suitability of different systems depending on
the size of the storage system and the ratio of
yield/demand (Eq. 1). Although these two seem to be
available, the third component of the system that is in
Figure 1, the actual demand, holds unknown, and it will
be unrealistic to assume that there will only be one type
of demand profile.
The demand will therefore be variable depending on the
users. Nevertheless, the batteries will smooth by
definition this demand, so there is room for investigation
in this aspect. In this work we have considered 4 different
profiles of electricity demand, to evaluate if it is really
possible to use the average power demand as an entry for
the sizing charts and still get good results, or in opposition
there are better options.

1

The weather files were synthetically generated using Climed

Electricity profiles
Four different electricity profiles were used to evaluate
how much the curves obtained would differ. With this, we
were able to make a sensitivity analysis that would check
the validity of the sizing charts at the same time that a
confidence interval or estimation error is provided.
The first and simplest electricity profile was a constant
demand with the average of the power consumption of the
dwelling. As mentioned before, it should be considered
that all these time series of power were normalised by the
nominal power of the PV system and have units W/Wp.
The second profile is a standard load profile taken from
(Linssen et al. 2017).
The third profile was extracted from the VDI. Reference
load profiles of single-family and multi-family houses for
the use of CHP systems (VDI Guideline 4655).
The fourth profile was chosen from (Pflugradt 2014) and
it represents an extreme case of peaks during the evening.
The four profiles are shown in Figure 2. The first profile
in blue is rather smooth as it represents the profile that one
may expect for a multifamily building. Profiles 2 and 3 in
green and red respectably are sharper and show larger
skewness of the profile towards the evening.
The profiles represent the power distribution for 24 hours,
to convert this into year demands the profiles were
concatenated 365 times. No seasonal variations of the data
have been considered in this work. However, a detailed
study about the effect of the seasonality of conditioning
loads in poorly insulated buildings could be interesting for
further work.

Figure 2. Daily profiles used in the simulations.
Examples of simulation results can be seen in Figure 3
and Figure 4.
Weather data
There are several sources of weather information that
contain solar irradiance. In our case, we have used energy
plus weather files (.epw) obtained from enrgyplus.net.
Two weather files were used as examples, the weather file
from Beek, in The Nederland which is an IWEC file, and
the weather file from Murcia which is a SWEC1 file.
(Portuguese software developed by Ricardo Aguiar) from mean
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Results
Several results were obtained from the work here
explained. Although the main aim was to develop a sizing
tool that can be used with almost no expertise and that can
help to sizing PV-battery systems, substantial learnings
have been obtained thanks to the evaluations performed.
Standard parameters graphs
As the methodology was later validated with the formal
sizing tool PGIS, the parameters of the simulations were
chosen based on common cases and as an assumption that
will be later evaluated. The performance of the batteries
for charging and discharging was fixed at 80%, and the
overall losses of generation were fixed at 28%. Although
this figures were rather approximated they were a starting
point to evaluate the results that one may find when
generating the graphs searched in this research.

Figure 3. Example of simulation for Murcia with a PGR
of 0.08W/Wp, a profile 3 and a storage of 5Wh/Wp
during 5 days.

Figure 4. Example of simulation for Murcia with a PGR
of 0.15W/Wp, a profile 2 and a storage of 5Wh/Wp
during 5 days.
The charts obtained with these parameters for the
locations at hand are shown in Figure 5 and Figure 6. The
graphs should be interpreted in the following way:


their installation. For this, as mentioned before,
one has to divide the average power
consumption by the photovoltaic installed
power.
 Each PGR is represented with one line (with
different colours) in the chart. One should use
this to evaluate to what extent a battery would be
capable of balancing consumption and demand
in a way in which blackouts will be smaller than
desired.
 Seeing the curve that represents the balance for
that installation between generation and demand,
and considering the acceptable number of days
in which the battery can be emptied, one can see
the battery size that is needed.
It is worth mentioning that this method considers effective
battery capacity, so if the batteries used can only be
discharged up to e.g. 50%, then one has to multiply by
two the number found in this graph.

Figure 5. Sizing chart with standard parameters for the
weather file of Murcia.

Figure 6. Sizing chart with standard parameters for the
weather file of Beek.
Identification of daily and seasonal storage
The creation of these sizing graphs with standard
parameters allowed to see the first finding of the

At first, one has to evaluate what PGR represents

monthly data coming from the Spanish Meteorological National

Institute by Prof Perez-Lombard.
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investigation. The rationale behind this work, despite the
fact that one can find calculation engines for
dimensioning PV-Battery installations, was that we
believe that the fact of having a sizing chart provides more
information at a glance, what provides an educational
component to its use, at the same time that it minimises
iterations in the evaluation of options.
Having a look at the graph with a given PGR one can see
immediately the situation at which the building is, and to
what extent it makes sense to make more or less
investment on storage, or it is worth “jumping” to another
PGR, e.g. by installing more PV panels.
In addition to that, an interesting feature has been seen in
the sizing curves. For each one of the PGR we see two
clear tendencies in the graphs. Taking for example the
PGR = 0.04 W/Wp for Beek, one can see that the curve
from 0.1 kWh/kWp to 0.6 kWh/kWp maintains a constant
curvature. From 0.6 kWh/kWp to 20kWh/kWp the
curvature changes, and although the convexity is still the
same, a small derivative is seen here. This turning point at
0.6kWh/kWp for this PGR occurs because before this
point, the batteries can cover the gaps produced by nights
and sporadic low-irradiance days. As these represent the
majority of the periods that need to be covered with the
battery storage, the curve decreases quickly. After this
point further reduction of the blackout periods need a
substantial increase in the battery size as one is getting
into the zone of seasonal storage.
This effect has been explained in Figure 7. We consider
that these points that separate short-term storage from
long-term storage have a substantial importance, and it
was significant to see that they can be accurately
represented with a second order polynomial. More
research about this singularity is recommended for further
work.

been shown in Figure 8.
It was seen that the efficiency of the batteries for charging
and discharging has an important effect on the sizing
curves. This suggests that different technologies may
need different graphs. However, the new Ion-Lithium
batteries seem to have a rather high and consistent
performance what opens the way for a unitary graph. This
is particularly relevant as it also seems like this
technology is becoming more popular in domestic
installations.
Effect of production losses
There are several factors that make generation not perfect
in photovoltaic installations. Examples of this are high
atmospheric factors, temperature, transmission losses,
converters losses, maintenance of the panels and many
others.
It is because of this that a correction factor is needed when
calculating the yield of a PV installation, failure to apply
this will lead to over-optimistic results. It is understood
by the authors that this parameter can change substantially
depending on the installation at hand, so it was important
to evaluate the effect that the losses will have in the
dimensioning graphs, so they can be compared with other
parameters which are a source of uncertainty. This is
shown in Figure 9.

Y=140(log10X+1)2

Daily
Storage
Figure 8. Effect of different battery efficiencies in the
sizing curves.
Seasonal Storage

Figure 7. Outlining of the singular point on the PGRs
curves that separates short term (days) storage from
long-term (months) storage.
Effect of battery charging/discharging performance
After this satisfactory test of a dimensioning chart, we
evaluated the effect that the preliminary parameters that
we have chosen may have on the final result. For this, one
curve of PGR was plotted on its own with three different
values of charging discharging performances. This has

Figure 9. Effect of production losses on the sizing charts.
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The evaluation of the effect of the production losses in the
graphs has shown that although these have less impact on
the geometry of the curves than the variation due to
battery performance, they can as well be a source of
discrepancies between graphs. It is worth noting that
although the changes in efficiency in battery were
changing the overall slope of the sizing curves, the
changes in production have shown to shift the curves as
well.
Variation with respect to profiles
One important factor for the performance of an off-grid
PV installation is the daily profile of the electricity
consumption. Depending on when most of the demands
are occurring one can expect the installation to be more or
less strained. In addition to that, one can expect that the
effect of daily profiles of consumption in the performance
will be lager as the battery size is smaller. Once the
installation has batteries large enough so one can tap into
seasonal storage, the daily profiles should have less effect
on the system.
To evaluate the effect of the daily profiles in the sizing
charts, the profiles described in the methodology section
were used to generate different curves. The results can be
seen in Figure 10.

install smart meters and other home automation devices
that can optimise the load profiles may open a door to the
user towards investing in home automation devices
instead of purchasing a more expensive battery pack.
The variability between profiles was plotted as areas in
the chart, each one corresponding to a given PGR.
In addition to that, the chart can be used not only for
selecting the battery size, but also the PV installation size.
By looking at the charts, one can see the level of PGR that
one may need, to make an installation self-sustained with
batteries, or in case of going for a combined solution of
PV and other on demand generating systems such as fuel
generators, then one can see the optimal PGR considering
the investment.

Figure 11. Sizing chart for Murcia, Spain including the
variability given by the profiles.

Figure 10. Different curves using different demand
profiles. Diagram for Murcia.
The evaluation of the black-out times with different
Figure 10 shows this variability that one finds in the
results when using the four different profiles (that has
been marked respectively with ‘-‘ ‘x’ ‘o’ ‘+’). Although
the number of profiles that were evaluated do not
represent all options, due to their differences, they provide
a good picture of the variability that one can find in real
installations.
The generation of this figure helped to understand how
the profiles have significant influence in all cases, and
only when one sizes the battery system to ensure that no
black-outs will occur one can see that the curves from
different profiles tend to converge.
After seeing these graphs, it was possible to see that the
variability depending on the user profile could be an
added value to the graph. This is because the new trend to

Figure 12. Sizing chart for Beek, Netherlands including
the variability given by the profiles.
Validation with EU PGIS
The graphs created here add, to our believe, more than
simple calculation tools that allow to visualise in one
glance the effect that a change in the design may have.
It is important that the graphs that we show here are in
accordance with well proven tools, so we are not
misleading practitioners in the field. It is for this reason
that we used the tool: Photovoltaic geographical
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400
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Discarded Area of Long Blackouts

300
250

200
150
100

Beek
Murcia

50
0

Table 1: Validation points for Beek.

Installed
power [Wp]

Average
demand [W]

Daily
Energy
[Wh/day]

PGR
[W/Wp]

Battery size
[kWh]

Battery
ratio
[Wh/Wp]
Charts

EU Tool

Days
battery=0

3000
3000
3000
5000
10,000
8000

423
423
423
355
350
72

10152
10152
10152
8520
8400
1728

0.14
0.14
0.14
0.07
0.035
0.01

3
30
300
20
50
1.6

1
10
100
4
5
0.2

365
258
226
154
73.9
18.25

260
235
210
120
55
5

0

100

200

300

400

Days Blackout Tool
Figure 13. Representation of the validation points.

Table 2: Validation points for Murcia.

Installed power
[Wp]

Average demand
[W]

Daily Energy
[Wh/day]

PGR [W/Wp]

Battery size
[kWh]

Battery ratio
[Wh/Wp]

Charts

EU Tool

Days
battery=0

3000
3000
3000
5000
10,000
8000

423
423
423
355
350
72

10152
10152
10152
8520
8400
1728

0.14
0.14
0.14
0.07
0.035
0.01

3
30
300
10
50
1.6

1
10
100
2
5
0.2

200
127
86.2
5.2
0
0

365
146
72
42.34
0
0.4

Conclusion
This work shows how simulation has been used to
perform a dimensionless analysis of PV installations with
batteries that leads to a graphical sizing chart. The results
that the sizing charts provide does include the blackout
2

periods that an installation may have, but also the error
that may be induced due to epistemic uncertainties such
as battery performance or generator losses and also
aleatory uncertainties such as user’s behaviour.

Days Blackout EU PGIS

information system2 developed for the European
Commission and available in the previous footnote.
For the validation, we run different cases in the two cities
chosen for the work i.e. Murcia and Beek. The values can
be seen in Tables 1 and 2.
The results of this validation are also shown in Figure 13.
Here we have shown how the tool has a good accuracy
when compared with the PGIS. Although an error can be
found between the outputs of the sizing chart presented
here and the results from the PGIS tool, we can see how
those errors are smaller than the inevitable variability of
the weather (from year to year). Predictions of the source
of the errors could be the efficiencies and losses that have
been considered in the PGIS simulation. No information
on the website has been found that shows this
information, so no further investigation has been done to
identify this error.

It has been seen that, unlike a one-point evaluation tool,
the sizing charts can provide a good impression of the
effect that selecting a system with variations in nominal
generating power, or with variation in storage may have.
So much is so, that a breaking point on the curves selected
has been identified, and it has been seen to follow clearly
a mathematical expression. This is relevant, as these
breaking points are relative only to a given weather
profile, and it can provide with information about how PV
installations unplugged from the grid should be
considered in specific locations.
The effect of battery performance and losses of the
generating system have been evaluated, and it has been
seen that these parameters do not substantially change the
shape of the curves, but the way in which they are
modified when modifying this parameter has been found.
As one could expect, the performance of the battery
affects the results in a larger manner when installations
with large levels of battery storage are selected; whereas
the effect of the performance of the generator affects
installations with all sizes of batteries as one also may
expect.
Overall, the graphical tool for sizing seems to perform as
well as a standard calculation method but it provides extra
information about what if scenarios that can be highly
valuable for a practitioner taking decisions about the size
of the installation and with higher-level knowledge about
price of modifications or limitations of the site. It is firmly
believed that these graphs could also contribute also to the
large-scale proliferation of PV systems with storage for
off-grid self-sufficient homes.

http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#PVP
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Abstract
The installation of BIPV systems should be able to
circulate cooling air at the back side of the PV panels in
order to maintain high electrical conversion efficiency of
the PV panels and avoid building overheating. This paper
is focused on the understanding of the airflow between the
building’s façade and the PV panel in naturally ventilated
Building Integrated Photovoltaic (BIPV) panels. Flow
visualisation measurements, hot wire anemometer
measurements as well as temperature measurements were
performed. These were performed in laboratory
controlled environmental conditions under constant
artificial solar radiation. These results are supported also
with CFD simulation results. It is shown that the openings
of the duct have an important role on the thermal
behaviour of the system, and buoyancy effect resulted to
velocities of 0.3 m/s. The optimum configuration is
finally tested at building level to a demonstration building
at Mons, Belgium, with very satisfactory results.

Introduction
The investigation of natural convection which develops in
vertical open channels is of major importance since it is
found in many applications in the last years such as the
double skin facades and naturally ventilated building
integrated photovoltaic (BIPV) systems. The use of the
latter has increased recently because of the promotion
made in various countries for the implementation of
Renewable Energy Systems (RES) due to the need of the
countries to reduce their energy consumption and
emissions. Solar energy systems are the easiest among
other RES for building installations and especially BIPV
systems where the PV panels are part of the building’s
construction. The double skin BIPV systems are part of
the building’s construction since PV panels replace
conventional construction materials of the building’s
envelope, forming at the same time a construction element
which is also an on-site energy producer.
The installation of BIPV systems should be able to
circulate cooling air at the back side of the PV panels in
order to maintain high electrical conversion efficiency of
the PV panels and avoid building overheating. The
ventilation of the back side of the PV panels can be either
natural or forced by external means such as fans. When
the system is mechanically ventilated, the velocity of the
air in the duct between the PVs and the external part of
the building is known and controlled. In the case of

natural ventilation, the air flow is depended on buoyancy
forces where the air becomes less dense when is heated
by the direct contact with the PV. Accordingly,
mechanically ventilated systems are more convenient to
cool the PV panels although they have various
disadvantages over the naturally ventilated systems e.g.
noise from the fans, extra required energy for the fans,
maintenance, and difficult installation.
Thus, naturally ventilated systems are preferred and
examined in this paper. The considered concept and the
related research topic is very important to the contribution
of the EU directives for the wider adoption of the
renewable energy systems, through the improvement of
the BIPV technology with natural ventilation. It is
believed that the advantages of the naturally ventilated
systems can be maximized when correct design is done,
to allow efficient PV cooling.
This work presents an extensive research which is carried
out to describe the behaviour of the air flow in BIPV
systems. This is done with flow visualization
measurements,
temperature
measurements
and
anemometry measurements, CFD simulation and
TRNSYS simulation. The last is performed using the
knowledge and values estimated from the other analyses.
It is based on a real case BIPV system and the results
referring on the performance of the system and the
temperature of the PV panels are compared with real
monitoring data recorded on site.
There are various studies made on the heat transfer in
natural convection conditions of vertical open channels,
and the chimney effect, but as concluded by Agathokleous
and Kalogirou (2016) very few studies are made on the
naturally ventilated BIPV systems.
The studies by Fossa et al. (2008); Gaillard et al. (2014),
consider mainly the performance investigation and flow
analysis. These are experimentally investigated by Kaiser
et al. (2014); Lee et al. (2014); Ranjan et al. (2008); Zogou
and Stapountzis (2011), and with simulations by
Roeleveld et al. (2015); Yoo (2011); Zhang et al. (2017).
There are studies focused on BIPVs on a building level as
the ones presented by Kyritsis et al. (2017); Mei et al.
(2003); Wang et al. (2006) or as an individual system
Brinkworth (2000); Brinkworth et al. (1997); Lau et al.
(2012); Yang and Athienitis (2015). Mei et al. (2003),
presented a building level investigation based on the
thermal characteristics of the building, Wang et al. (2006)
presented the influence of the BIPV systems on the
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heating and cooling loads, and Kyritsis et al. (2017)
focused on the energy coverage by the BIPV.
Regarding particularly the effect of air flow in the duct of
the naturally ventilated BIPV systems is very little
investigated. Natural flow involving low velocities is
sensitive to environmental conditions and thus difficult to
measure. The unsteady nature of this flow does not
depend only on the thermal behaviour and kinematic
activity of the air duct, but also to the pressure and
temperature conditions outside the channel.
Zogou and Stapountzis (2012) investigated the flow and
heat transfer inside a PV/T collector for building
application, for 3 cases, using a low capacity fan, a high
capacity fan and buoyancy flow created naturally. The
system investigated by Zogou and Stapountzis (2012)
considering natural flow due to buoyancy effect is very
similar to a naturally ventilated BIPV system where
natural air flow occurs in the air gap between the PV panel
and a second skin due to the increase of the air’s
temperature. It was concluded that for the buoyancy
driven air case the flow belongs in the transitional flow
regime, with air velocity of 0.1 m/s. The flow
investigation was done experimentally with flow
visualisation using particle image velocimetry (PIV)
technique, as well as with hot wire anemometry analysis.
Sanvicente et al. (2013) investigated the transitional
natural convection flow in an open channel
experimentally. A double skin PV configuration is tested
with different heating configurations. This study was
mainly focused on the kinematic characteristics of the
flow and convective heat transfer at the heated wall. It was
concluded that the flow is neither turbulent nor purely
laminar.
Sanjuan et al. carried out an experimental analysis with a
2D PIV technique on the natural convection in open joint
ventilated facades (OJVF), paying attention specifically
at the ventilation effect through the joints. It was
concluded that the heating slabs of the front surface of the
tested duct produce ventilation flow in the cavity, the
velocity of the air in the cavity increases with the
buoyancy forces e.g. temperature differences, as well as
that the air enters the cavity from the lower joints and exits
from the upper ones. Sanjuan et al. (2011b) also
developed a simulation model validated with the
experimental data from Sanjuan et al. (2011a). The results
from the PIV measurements performed in Sanjuan et al.
(2011a) are compared with simulation results from
different turbulence and radiation models applied on a
three dimensional model. The results showed that
ventilation air flow inside the cavity is enhanced by
incident radiation as well as by the height of the façade.
Tkachenko et al. (2016) investigated numerically and
experimentally the unsteady natural convection in a nonuniformly heated vertical open-ended channel forming a
double skin BIPV system. It was concluded that staggered
arrangement of PV panels produces higher mass flow rate
of the air in the channel.

Experimental Setup
The experimental procedures are carried out in indoor
laboratory conditions with the use of a solar simulator to
provide artificial solar radiation. The laboratory has
controlled conditions without external disturbances to
affect the experimental procedures.
A custom made experimental BIPV apparatus is used in
the experimental procedures, consisting of a PV panel,
two plexiglass sheets and a wooden back wall as shown
in Figure 1. The polycrystalline PV panel used is 1.64 m
long, 0.992 m wide and 0.004 m thick, the plexiglass
sheets are 1.64 m long, 0.1 m wide and 0.01 m thick and
the back wooden wall is 1.64 m long, 0.992 m wide and
0.1 m thick. The two plexiglass sheets, the PV panel and
the wall, create a rectangular duct, open at the bottom and
the top for fresh air circulation to provide PV cooling to
avoid efficiency loss. The surface of the PV panel is
subjected to constant incident radiation from the solar
simulator of 1000 W/m2 for 3 hours in each experimental
procedure.
The air circulation in the formed duct occurs due to the
chimney effect. When the temperature of the PV panel
surface increases, the air behind the PV panel gets hotter
as well due to the direct contact with the hot surface of the
PV panel. Thus, the air becomes less dense and moves
upwards until it exits the duct from the top opening.
Simultaneously fresh air is sucked in the duct from the
bottom opening.

Figure 1: Schematic representation of the vertical
naturally ventilated BIPV system tested in the laboratory
under controlled conditions and constant artificial solar
radiation.

Flow Visualisation
Figure 2 shows a schematic representation of the flow
visualisation technique employed. The flow visualisation
was performed after the system had reached steady state
conditions. A green laser with a rotating mirror is
employed to produce a plain sheet of light as shown in
Figure 2. The laser sheet lights-up a vertical section of the
channel, parallel to the plexiglass sheets, in the middle of
the duct.
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A smoke fog machine (Chauvet Hurricane 700) is
employed to produce smoke in the laboratory as shown in
Figure 2. In order to avoid forced movements of the
particles in the air duct, the smoke machine was placed at
a 2-m distance from the experimental apparatus and the
injection of the smoke particles was done in the whole
laboratory room to ensure that there is no interference
with the natural convection in the gap.
The smoke passes through the air duct and moves
upwards with the flow. The movement of the smoke is
captured with the use of a commercial high definition
(HD) camera placed next to the plexiglass sheet, outside
the channel. The camera produces high definition video
files and photo clips as well. The time lapse between each
clip is 0.1 s.

The experimental representation is shown in Figure 3,
which shows the section of the air channel and the three
positions where the hot wire anemometer probes are
placed to perform air velocity measurements.
The probes are inserted in the channel from drilled holes
at different heights on the plexiglass sheet at y1=0.1 m,
y2=0.72 m and y3=1.44 m. The measurements were
performed along the centreline in the middle of the air gap
in d/2. A total of 30 measurements were recorded in every
measurement in order to establish stable and correct air
velocity.
The temperature distribution of the system is recorded
during the experimental procedures as well. A total of 9
thermocouples were placed at the back side of the PV
panel to measure the temperature of the PV panel, 6
thermocouples to measure the temperature of the air in the
air gap in y1 and y3, and 3 thermocouples to measure the
temperature at the outer side of the wooden back wall. All
thermocouples were connected with data loggers
recording during the experimental procedures with time
interval of 1 minute.

Figure 2:. x-z section of the schematic representation of
the flow visualisation experimental procedure.
The flow visualisation experiments show that the flow is
neither turbulent nor purely laminar at the lower part of
the channel. The results indicate that the flow is in the
transition flow regime. It can be observed that, the effect
of the flow entrance is significant, but no clear turbulence
flow appears.
Various flow patterns are visible in the clips that move
vertically upwards following the main flow, at average
velocity of 0.28 – 0.32 m/s. The fluid velocity is
calculated using the camera timing (Δt) and the smoke
particles displacement.
In order to see clearly the type of the air flow, the camera
was moved upwards to capture the flow at a higher level
of the channel in order to avoid the effect of the flow
entrance. From these clips, the flow is shown to be
laminar, with air velocity from 0.28 to 0.3 m/s.

Hot Wire Anemometer Measurements
The HD 2303.0 hot wire anemometer from Delta Ohm is
used with the probes AP 471 S2 to measure low air
velocities with two decimals accuracy. The HD 2303.0 is
a portable instrument with an LCD display. The AP 471
S2 probe can adjust its length with a telescopic shaft to
800 mm and this gives us the ability to measure at any
depth in the air gap. The probe diameter on the
measurement area is 8 mm.

Figure 3: The schematic representation of the hot wire
anemometry experimental procedure.
The temperatures of the ambient air as well as the air near
the bottom opening of the duct and near the top opening
are shown in Figure 4. Figure 5 shows the velocity of the
air in the middle of the air gap at d/2 measured at y2 level.
As can be seen, after 40 minutes of exposure time, where
the temperature of the system was almost stable, the air
velocity varies between 0.30-0.34 m/s.

Unit Level Simulation
For the simulation of the system on the apparatus size,
COMSOL Multiphysics software was used.
The geometry of the BIPV model is shown in Figure 6.
The model is built in the same dimensions as the
experimental apparatus presented in the previous chapter
and consists of three volumes separated in three domains,
the PV panel, the air and the wall. The dimensions of the
PV panel, air gap and wall are 1642 x 992 x 4 mm, 1642
x 992 x 100 mm and 1642 x 992 x 200 mm respectively.
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Figure 7 shows the heat transfer mechanisms of the
system in a resistance circuit form.
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Figure 7:Circuit of the thermal resistances and heat
transfer mechanisms in a Building Integrated
Photovoltaic Façade.
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Figure 4: The temperature of the ambient air in the
laboratory and the temperature of the air in the duct in
heights y1 and y3.
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Figure 5: The air velocity and average air temperature
in the height y2.

To formulate the heat exchange process for a fluid
flowing between the PV panel and the building’s wall,
time dependent partial heat transfer differential equations
(PDEs) are used. The following three equations were
solved for the three domains of the model PV, air and
wall, considering the heat transfer solver of COMSOL
software:
𝜕𝑇𝑃𝑉
(1)
𝜌 𝐶𝑝
= ∇(𝑘 ∇𝑇𝑃𝑉 )
𝜕𝑡
𝜕𝑇𝑎𝑖𝑟
(2)
𝜌 𝐶𝑝
+ 𝜌 𝐶𝑝 𝑢 ∇𝑇𝑎𝑖𝑟 = ∇(𝑘 ∇𝑇𝑎𝑖𝑟 )
𝜕𝑡
𝜌 𝐶𝑝

𝜕𝑇𝑤𝑎𝑙𝑙
= ∇(𝑘 ∇𝑇𝑤𝑎𝑙𝑙 )
𝜕𝑡

(3)

The heat transfer interfaces use Fourier’s law of heat
conduction, which states that the conductive heat flux 𝑞̇ is
proportional to the temperature gradient:
𝜕𝑇
−𝑘
= 𝑞̇
(4)
𝜕𝑥
The convection is set to be natural and it is considered to
exist at the front of the PV, the back of the PV, the front
of the wall and the back of the wall.
𝑄̇ = ℎ (𝑇𝑠 − 𝑇∞ )
(5)
Where ℎ is the convective heat transfer coefficient
(W/m2K), 𝑇𝑠 is the surface temperature (°C) and 𝑇∞ the
ambient air temperature (°C).
The radiation exchange at the outer of the PV panel and
the inner of the wall is defined by the following equation,
using the appropriate properties and parameters of each
domain (PV or wall).
𝑄̇ = 𝜀 𝜎 (𝑇𝑠 4 − 𝑇𝑠𝑢𝑟𝑟 4 )
(6)

Figure 6: The 3D model in COMSOL showing the PV
panel, the air gap and wall of the building.

Where 𝑒 is the emissivity of the surface, 𝜎 is the Stefan
Boltzmann constant and 𝑇𝑠𝑢𝑟𝑟 is the temperarure of the
surrounding surfaces (°C).
The convective heat transfer coefficients (CHTC) were
estimated each time with the appropriate equation because
the conditions in each section of the system are not the
same and the coefficients cannot be assumed to be the
same everywhere or constant from the bottom to top of
the system. Regarding the convective heat transfer
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Due to the different heat transfer conditions in the various
parts of the system, not all the CHTC are estimated with
the use of Equation (7). Thus, the CHTC in the front
surface of the PV and the back surface of the wall (facing
indoors), are estimated by the use of empirical Nu number
equation given by Churchill and Chu (1975) for natural
convection over vertical plates:
𝑁𝑢𝑜𝑢𝑡
2
(10)
0.387 𝑅𝑎𝐿 1/6
= {0.825 +
}
9/16
8/27
[1 + (0.492/𝑃𝑟)
]
Where
𝑔 𝛽 (𝑇𝑠 − 𝑇∞ )𝐿𝑐 3
(11)
𝑅𝑎𝐿 =
𝑃𝑟
𝜈2
Where Lc is the characteristic length of the geometry (m),
in this case the height of the PV, 𝛽 is the volumetric
coefficient of thermal expansion (1/K), and 𝑃𝑟 is the
Prandlt number.
In this section, the validated model by Agathokleous and
Kalogirou (2018b) is used to investigate the effect of the
air velocity in the temperature distribution of the system.
The model is tested under various air velocities from 0.05
m/s to 3 m/s at constant air gap of 10 cm.
Real weather data are imported in the mathematical model
with equations. The idea is to run the simulations in a
typical summer day and observe the effect of the air
velocity in the air gap between the two skins on the
temperature distribution of the system. The equations for
radiation and ambient temperature were derived in Excel,
from the weather data extracted from the Typical
Meteorological Data (TMY) files of Nicosia, Cyprus,
using TRNSYS software. Then data are imported in
COMSOL in the form of equations depended on time. The
solar radiation data used, were considering east oriented
surface, at the location of Nicosia Cyprus, vertical
position. For these conditions, the effective hours were
from 5:00 am to 13:00 pm and thus, the simulations were
carried out within this time period. Solar radiation data
and ambient air temperature data used are shown in Figure
8.

Solar Radiation (W/m2)

Where the modified Rayleigh number Ra* is given by:
(8)
𝑔 𝛽 𝑑 4 𝑞̇ 𝑐 𝜌 𝐶𝑝
𝑅𝑎∗ =
2
𝑣𝑘
Where d is the size of the air gap (m), L is the height of
the duct (m), 𝑣 (kg/m s) is the kinematic viscosity of air
(equal to μ/ρ), 𝑘 is the thermal conductivity of air
(W/mK).
Accordingly, the CHTC in the air gap can be estimated by
the following formula considering 𝐷ℎ the hydraulic
diameter of the duct which is 𝐷ℎ = 4 𝐴𝑐 /𝑝:
ℎ𝑔𝑎𝑝 𝐷ℎ
𝑁𝑢 =
(9)
𝑘

The simulations were carried out multiple times
considering various velocities from 0.05 m/s to 3 m/s at
constant air gap of 0.1 m. It should be noted that the initial
temperature value of all boundaries for all parts of the
system is set to ambient temperature.
Figure 9 shows the temperature at the boundary at the
0inner surface of the PV which faces the air gap, from
hours 5:00 to 13:00 for all the tested velocities. As can be
observed, the higher the air velocity, the lower is the
temperature distribution of the panel’s surface. The faster
the air flows into the duct, the more heated air is removed
from the duct which is created due to the hot surface of
the PV panel.
When the air velocity in the duct is the lowest, the
maximum average temperature at the inner side is 76ºC.
It is important also to observe the point at which the
maximum temperatures occur. As can be seen, this point
is around 8:00 o’clock where the solar radiation is near its
maximum, and the ambient temperature increases.
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Figure 8: Solar radiation on vertical surface oriented
east, and the temperature variation during a typical day
in June in Cyprus.
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coefficient in the duct, the following correlation proposed
by Agathokleous and Kalogirou (2018a) was used:
(7)
𝑁𝑢 = 1.23 (𝑅𝑎 ∗ (𝑑/𝐿))0.168
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Figure 9: Temperature at the inner boundary surface of
the PV facing the air gap.
It is also important to observe the temperature of the
flowing air in the duct, since this is an important
parameter that affects the temperature distribution on the
system’s surfaces. As can be seen in Figure 10 the graph
has the same trend with the PV panel’s temperature
distribution showed earlier and it is affected from the air
velocity with the same way.
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Figure 10: Average temperature of the air in the air gap
for all the tested velocities.

Building Level Simulation
The knowledge gained from the analyses above, were
finally used to suggest sizing and design of a roof BIPV
system of a house in Mons, Belgium. This work is
developed under the BFIRST (Building integrated Fibre
Reinforced Solar Technology) EU FP7 funded project.
Taking into consideration the investigation presented so
far, an air gap of 10 cm was recommended with natural
ventilation. As proved earlier, a naturally ventilated air
gap of 10 cm is adequate to keep the performance of the
system in normal levels in a typical summer day in Cyprus
and thus the same conditions would work efficiently in
Belgium as well where the climate is cooler.
To make sure this assumption will work in real Belgium
weather conditions, a BIPV simulation model in
TRNSYS was developed prior to the installation of the
BIPV system to examine the effectiveness of the proposed
design of the system regarding the size of the air gap and
the type of ventilation. It is very important to predict the
performance and thermal behavior of the system before
the installation because it will help the installers and the
engineers to make changes to optimize the installation.
Apart from the PV surface temperature and the energy
production of the system, the developed model can
estimate the mean temperature of the air in the duct
between the PV panels and the roof’s substructure, the
temperature of the air in the outlet, the thermal efficiency
of the system, the convective and radiative loses, etc. The
main components of the model used are Type 566 and
Type 109. Type 566 from the Electrical Library of
TRNSYS is used to represent the BIPV system, and Type
109 the weather data. A simulation is carried out for one
year, with one-hour time step, considering the real
dimensions of the system, Inclination angle of 40° and
orientation of 10 degrees from south.
For the estimation of the convective heat transfer
coefficients in the building level simulation model,
correlation (10) was used for the internal roof space while
equation (7) for the space between the PV panels and the
roof substructure. Since the correlation (7) was obtained
for vertical BIPV demonstration, here in this analysis it is
assumed that the sloped roof will have similar behaviour
and thus the same correlation for the convective heat

transfer coefficients is used. The validity of this
assumption will be checked from the comparison of the
temperature of the PV panels between the monitoring and
simulations results.
The simulation is carried out for one year with the use of
real hourly weather data from TMY file of Brussels,
Belgium. After one-year operation of the system, the
monitoring data were compared to the simulation data.
The roof is firstly covered with thermal insulation and a
wooden structure. Then, aluminium profiles are installed
on the wooden structure to fix the PVs. From top to the
bottom the modules overlap, to form one large continuous
PV surface to cover all the roof’s area. From left to right
there are no joints in between the panels. Although earlier
it was proposed to leave openings between the panels
when the application has a large height, in this case it was
not possible to install the panels with open joints in
between because it is a roof installation and the aim was
to keep the picture of the roof as much as closer to normal
tiles and avoid rain water leakage to the insulation. Thus,
a continuous PV surface is formed and the air duct is
ventilated with bottom and top opening as shown in
Figure 11. Additionally, the continuous surface of the PV
panels in this case is not a major problem because
Belgium has a cold climate and it is easier to avoid
overheating by leaving an optimum air gap size and
openings at the bottom and top of the system only.
Considering the size of the RS modules and the size of the
two roof parts, a total of 57 RS modules are installed as
shown in Figure 12, 49 on the big part of the roof and 8 at
the small part. The total installed nominal power of the
PV plant is 7.01 kWp. The residential house is connected
to the electric grid using a 3 x 230 V connection of 12.7
kVA (30 A).

Figure 11: The roof structure showing the way of the air
flow behind the PV panels.

Figure 12: The 57 RS modules on the roof of the
demonstration building.
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Overall, there is a good agreement between the simulation
and measured monitoring data. The total numbers and the
estimated percentage differences are shown in Table 1.
The annual estimated energy production from the system
is very close to the measured one. However, in monthly,
daily or hourly based data the amount of energy is
different. This is because the TMY data are usually used
for mean annual performance evaluation of thermal
systems and does not necessarily coincide with the actual
weather data for particular days. The percentage relative
error (PRE) between the predicted and measured energy
production of the system for one year is 1.46% which is
very small. Higher PRE appears for the maximum PV
temperature values which is due to the fact that simulation
predicted higher temperature because the correlation used
to estimate the convective heat transfer coefficients in the
air gap was based on vertical system. However, even with
this assumption, a PRE of 4.47% is considered acceptable
for building level simulation, as the purpose of carrying
out this simulation was to see the annual performance of
the system before its final design and installation.
Table 1:Comparison between the simulation and
measured data and the estimated percentage relative
error (PRE).
1 year energy
production
Maximum PV
Temperature
Maximum
Outlet Air
Temperature
Most
productive
month
Less
Productive
month

Simulation

Measured

PRE

9507.40
kWh

9648.2
kWh

1.46%

67ºC

64ºC

4.47%

36.7ºC

36.1ºC

1.66%

July

July

-

December

February

-

Conclusion
In this study, the air flow of the air duct of a naturally
ventilated BIPV system is tested. Flow visualization
measurements were carried out, as well as, hot wire
anemometer measurements. The effect of the air velocity
in the air gap is investigated with CFD simulations and
then, a TRNSYS model was developed to predict the
performance of a real scale roof BIPV system in Belgium.
The most important conclusions are summarized below:
•
•

•
•

The air gap plays an important role in the
performance of the BIPV since it affects the
temperature distribution of the system.
Buoyancy effect occurs in the system as proved by
the indoor experiments. The average air velocity
measured by hot wire anemometry is 0.3 - 0.34 m/s
while from flow visualisation was 0.28 - 0.32 m/s.
The higher the air velocity in the duct, the lower is
the temperature of the various parts of the system.
Building simulation model results showed good
agreement with real monitoring measurements

regarding the annual energy production of the
system and the predicted maximum temperature of
the PV panels, even with the assumption that the
convective heat transfer coefficients for the vertical
system apply also to the sloped system tested.
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Nomenclature
BFIRST
BIPV
CFD
CHTC
EU
OJVF
PV
PIV
PV/T
PRE
RES
TMY
TRNSYS

Building fibre reinforced solar technology
Building integrated photovoltaic
Computational fluid dynamics
Convective heat transfer coefficients
European Union
Open joint ventilated façade
Photovoltaic
Particle image velocimetry
Photovoltaic/thermal
Partial relative error
Renewable energy systems
Typical meteorological year
Transient simulation system
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