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Abstract 

This study aims to investigate a principle and strategy for 

thermoelectric radiant panel (TERP) heating operation 

using numerical and experimental methods. A numerical 

simulation model for a TERP was developed based on the 

finite difference method. Additionally, a mock-up TERP 

model was constructed to validate the numerical model 

and define its operation strategy in the heating mode. The 

results revealed that the TERP can stably operate without 

fan operation by the Joule effect of the thermoelectric 

module (TEM). Moreover, the TERP in heating mode 

showed a lower coefficient of performance (COP) with 

fan operation when the outdoor air temperature was lower 

than approximately 23○C. This is because the lower 

outdoor air temperature could not supply useful heat to 

the cold side of the TEM during heating. Therefore, it is 

recommended to use a TERP without fan operation for 

heating purposes.  

Introduction 

A thermoelectric module (TEM) is a solid-state heat 

pump which mainly operates based on the Peltier effect 

and Joule effect. The heat absorption and rejection are 

occurred at the cold and hot side of TEM at the same time 

when the direct current  flows into the n- and p- type 

semiconductor in TEM. It has many advantages of 

compact size, no refrigerant, no moving parts without 

noise and vibration (Lim et al., 2018). Therefore, 

extensive research is being conducted on the application 

of TEMs in the heating, ventilation, and air conditioning 

(HVAC) systems of buildings (Shen et al., 2016). Among 

these, the thermoelectric radiant panel (TERP) has shown 

good feasibility as a parallel cooling and heating unit (Lim 

and Jeong, 2018).  

There are water-cooled- (Lertsatithankorn et al., 2009) 

and air-cooled-type (Shen et al., 2017; Luo et al., 2017; 

Lim et al., 2018) TERPs for removing heat that is rejected 

during cooling operation. Specifically, the air-cooled type 

is attracting increased attention because of its simple 

structure and convenience. Thus far, research has 

primarily focused on cooling operation performance.  

However, TERP can be used for heating by converting the 

direction of input direct current easily. Therefore it is 

necessary to investigate the heating performance and 

operation strategy for TERP.  

In this study, a numerical model for TERP in heating 

operation was developed to investigate its heating 

performances and suitable operation strategy. For 

validation, the experiments were conducted to estimate its 

energy performance according to the condition of heat 

source (i.e. cold side of TEM).  

System overview 

A TERP consists of an aluminum panel (for radiant 

cooling and heating), insulation (to prevent unnecessary 

heat transfer between cold and hot sides), TEM, and heat 

sink, as shown in Fig. 1. In the present study, an air-cooled 

TERP is used. Therefore, outdoor air is used to remove 

heat from the hot side of the TEM in cooling mode (Fig. 

2). Comparatively, the direction of heat absorption and 

rejection is converted in heating mode by changing the 

input current direction at the TEM. When using a fan in 

heating mode (Fig. 2a), heat from the outdoor air is 

absorbed by the cold side of the TEM. If the outdoor air 

temperature is high, the TEM can show a higher 

coefficient of performance (COP). However, outdoor air 

temperatures are generally low in the heating season. 

Therefore, fan operation would not be energy efficient. 

Hence, TERP heating without fan operation (Fig. 2b) is 

proposed, and its feasibility is examined based on heating 

and energy performance.  

 

Figure 1: Section of thermoelectric radiant panel 

 

Figure 2: Thermoelectric radiant panel in cooling 

operation. 
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(a) With fan operation 

 

(b) Without fan operation 

Figure 3: Thermoelectric radiant panel in heating 

operation. 

Simulation model 

A simulation model of a TERP operating in heating mode 

was developed to theoretically predict its behavior and 

understand its heating mechanism.  

Thermoelectric module model 

The TEM performance was simulated using the semi-

black-box model from a previous study (Chen and Snyder, 

2013). The thermo-physical properties of TEM, such as 

the Seebeck coefficient (S), electrical resistivity (R), and 

thermal conductivity (K), were calculated using Eqs. (1) 

to (3) based on the technical specifications of the TEM 

(Table 1). The thermo-physical properties are varied 

according to the hot side temperature of TEM (Th).   

𝑆 =
2𝑄𝑚𝑎𝑥(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

𝑇ℎ
2𝐼𝑚𝑎𝑥

  (1) 

𝑅 =
2(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

2

𝑇ℎ
2

𝑄𝑚𝑎𝑥

𝐼𝑚𝑎𝑥
2   (2)  

𝐾 =
(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

2

𝑇ℎ
2

𝑄𝑚𝑎𝑥

∆𝑇𝑚𝑎𝑥
  (3)  

Table 1: Technical specifications of the TEM used in this 

study 

Description Value 

Maximum input current (Imax) 6.4 A 

Maximum input voltage (Vmax) 14.7 V 

Maximum cooling capacity (Qmax) 56 W 

Maximum temperature difference between 

cold and hot side of TEM (∆Tmax) 
71°C 

 

Convection and radiation coefficient 

At the surface of the radiant panel, heat is transferred by 

convection and radiation, which can be calculated in Eqs. 

(7) to (13) (Lim et al., 2018; Ostrach, 1953; Fuji and 

Imura, 1972; Cengel, 2007). The Reynolds number (Re) 

at the surface is calculated using the air density (𝜌𝑎𝑖𝑟), air 

velocity ( 𝜈𝑎𝑖𝑟 ), characteristic length of air (Lc), and 

viscosity (𝜇) in Eq. (2). The characteristic length (Lc) is 

defined as the length of the panel (Lpanel) when the external 

fluid is considered on the flat plate. Using the Reynolds 

number (Re) and Prandtl number for air (Pr), the Nusselt 

number (Nu) is calculated in Eq. (8). The Grashof number 

(Gr) is calculated in Eq. (9) using the acceleration of 

gravity (g) and the coefficient of cubical expansion of air 

(𝛽). Subsequently, the Rayleigh number (Ra) is derived 

from Eq. (10), and the Nusselt number (Nu) is determined 

in Eq. (11). Finally, the heat convection coefficient at the 

surface of the radiant panel can be determined using Eq. 

(12). All the equations in Eqs. (7) to (12) are from the 

condition that the external fluid under the cold flat plate.  

𝑅𝑒 =  
𝜌𝑎𝑖𝑟𝜈𝑎𝑖𝑟𝐿𝑐

𝜇
  (7) 

  𝑁𝑢 =
0.664𝑅𝑒

1

2𝑃𝑟
1

3   ( 𝑅𝑒 < 5 × 105)

0.037𝑅𝑒
4

5𝑃𝑟
1

3  (𝑅𝑒 ≥ 5 × 105)
 (8)

   𝐺𝑟 =
𝑔𝛽(𝑇𝑠𝑢𝑟𝑓−𝑇𝑟𝑜𝑜𝑚)𝐿𝑐

3

𝜈𝑎𝑖𝑟
2   (9) 

𝑅𝑎 = 𝐺𝑟 × 𝑃𝑟              (10) 

𝑁𝑢 = 0.27𝑅𝑎1/4   (105 < 𝑅𝑎 < 1011)         (11) 

ℎ𝑐𝑜𝑛𝑣 =
𝜅𝑎𝑖𝑟𝑁𝑢

𝐿𝑐
                     (12) 

The heat radiation coefficient is defined according to the 

emissivity of the radiant panel (𝜀),  Stefan-Boltzmann 

constant ( 𝜎 ), mean radiant temperature (TMRT), and 

surface temperature of the radiant panel (Tsurf) in Eq. (13) 

(Cengel, 2007).  

              ℎ𝑟𝑎𝑑 = εσ(𝑇𝑀𝑅𝑇
2 + 𝑇𝑠𝑢𝑟𝑓

2)(𝑇𝑀𝑅𝑇 + 𝑇𝑠𝑢𝑟𝑓)   (13) 

Consequently, the heating capacity of the panel with 

respect to the surface temperature can be derived in Eq. 

(14). The mean radiant temperature (TMRT) is assumed to 

be equal to the room temperature (Troom) based on the 

previous experimental study (Walikewitz et al., 2015).  

𝑄𝑝𝑎𝑛𝑒𝑙 = (ℎ𝑐𝑜𝑛𝑣 + ℎ𝑟𝑎𝑑)𝐴𝑝𝑎𝑛𝑒𝑙(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑟𝑜𝑜𝑚)  (14) 

Heat transfer model   

An analysis of the TERP was conducted using a two-

dimensional (2D) finite difference model in the cross-

sectional direction, as shown in Fig. 4. The TERP 

baseplate consists of three parts—the heat sink, TEM, and 

aluminum panel. Additionally, only half the area between 

the two TEMs was used to reduce the calculation time 

using a symmetric boundary condition owing to the 

symmetric geometry. Also, we used fixed boundary 

conditions at both sides: the duct air temperature (Tduct) 

and the room air temperature (Troom) to replicate the stable 

operation condition. 

Heat is transferred between the duct air and the cold side 

of TEM by convection and conduction. Also, there are 

three heat transfers between the two sides of the TEM: 

First, heat is conducted from the hot to the cold side of the 

TEM by temperature difference; second, heat generated 

by the Joule effect is transferred to both the cold and hot 

sides of the TEM; and third, heat is transferred from the 
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cold to the hot side of the TEM by the Peltier effect. 

Additionally, heat is transferred from the hot side of the 

TEM to the air in the room. Each of these heat transfers 

were discretized using the finite difference method based 

on the energy balance.  

Laboratory experiments  

Experiments overview 

A mock-up TERP model was constructed for experiments 

as shown in Fig. 5. Three TEMs were used and the size of 

the aluminum panel was 0.4 m × 0.4 m with a 5 mm 

thickness. The height of each duct was 0.25 m and two 

transitions were used to connect flexible ducting for 

taking the conditioned air for heat removal from the 

environment chamber.  

 

(a) 3D model of TERP  

 

(b) Mock-up TERP model  

Figure 5: 3D model and mock-up TERP model 

In Fig. 6, the experiment setup is shown. The environment 

chamber was used to condition air according to the 

experiment cases. And a variable speed fan was used to 

draw conditioned air into the duct according to each 

experiment case. Additionally, a switched-mode power 

supply (SMPS) was used to control the input current and 

voltage to the TEM.  

 

Figure 6: Setup for validation experiments 

To duplicate the room temperature and heat transfer 

between the room and radiant panel, a constant-

temperature plate was used (Klinker et al., 2014). The 

insulation was selected which has the same heat transfer 

coefficient with the calculated heat transfer coefficient 

between the room and radiant panel. It means that the 

convection and radiation heat transfer between room and 

the panel were substituted by heat conduction through 

insulation. Therefore, the selected insulation was inserted 

between the constant-temperature plate and radiant panel 

to meet the theoretical heat flux from the room to the 

panel. The temperature of the constant temperature plate 

was set as room temperature according to each 

experiment case by a controller. The arrangement of the 

experiment to duplicate the room temperature for TERP 

operation is described in Fig. 7. The surface temperatures 

at the cold side of the TEM (Point 1) and radiant panel 

(Point 2) were measured using T-type thermocouples and 

validated with a data logger.  

 

Figure 7: Arrangement of experiment and measurement 

points 

 

Figure 4: Illustration of the steady-state heat flows during TERP heating operation 
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Validation experiments  

A numerical simulation was conducted to investigate the 

thermal behavior of the TERP in heating mode without 

fan operation. The simulation time was set to 30 min to 

reach stable surface temperature and two simulation cases 

were conducted at surface temperatures of 45○C and 60○C. 

The duct air temperature was set to be 26○C and the room 

air temperature was 24○C.  

As shown in Fig. 8, 2D contours for cross-sections of the 

TERP were plotted by temperature. The results showed 

that a high surface temperature was well-maintained 

without fan operation, regardless of the target surface 

temperature. Additionally, the cold-side temperature was 

determined by the duct air temperature.  

 

 

(a) Tsurf = 45○C 

 

(b) Tsurf = 60○C 

Figure 8: Simulation results for TERP in heating mode 

Validation experiments were conducted under the same 

conditions as the numerical simulation. As shown in Fig. 

9, temperatures measured at the surface and at the cold 

side of the TEM were plotted in the time domain after the 

surface temperature met the target value.  

The results showed that the TERP maintained the target 

heating temperature without fan operation in stable 

condition. The cold-side temperature showed a value 

similar to the duct air temperature, which indicates that 

the thermal behavior predicted by the numerical model 

was in good agreement within 2.3% and 8.6% error rate 

when the surface temperature was 45○C and 60○C, 

respectively. The difference was that the duct air 

temperature increased slightly during operation because 

the insulation did not provide the ideal heat transfer 

prevention between the radiant panel and duct.  

Therefore, we can conclude that the TERP can operate in 

heating mode without fan operation. This is because the 

heating mechanism of the TEM consists of the Peltier 

effect, Joule effect, and heat conduction, however the 

joule effect can mainly work for heating operation 

without a heat source from the air side.  

 

(a) Tsurf = 45○C 

 

(b) Tsurf = 60○C 

Figure 9: Experiment results for TERP in heating mode 

Necessity of fan operation  

To examine the necessity of fan operation during heating 

with the TERP, experiments were conducted according to 

the surface temperature, air flow rate, and air temperature. 

The experiment cases are summarized in Table 2. The 

range of air temperature (TOA) was determined as wide as 

possible based on the environment chamber capacity. For 

heating purpose, the outdoor air higher than room 

temperature is unnecessary in fact, however it was also 

used for experiments to investigate the performance of 

TERP in heating operations. The volume air flow rate 

(�̇�𝑂𝐴) was determined based on a previous study (Lim et 

al., 2018). In the experiments, power consumption was 

measured and compared for cases with and without fan 

operation.  

Table 2: Experiment cases to examine the necessity of 

fan operation 

Case Tsurf [○C] �̇�𝑂𝐴 [m3/h] TOA [○C] 

1 45 - - 

2 45 50 8 

3 45 400 8 

4 45 50 36 

5 45 400 36 

6 60 - - 

7 60 50 8 

8 60 400 8 

9 60 50 36 

10 60 400 36 
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In Fig. 10, the power consumption of the TERP without 

fan operation was 80.1 W and 227.9 W when the surface 

temperature was 45○C and 60○C, respectively. 

Furthermore, the COP of the TERP without fan operation 

was 1.24 and 0.92 for the surface temperature of 45○C and 

60○C, respectively. While the air volume flow rate and 

temperature each made a difference, the latter was more 

significant.  

Additionally, the results indicated that it was unnecessary 

to operate the fan when the outdoor air temperature was 

below 28.4○C in all cases, based on the linear regression 

model. The critical temperature for fan operation varied 

according to the target heating surface temperature and air 

volume flow rate, However, not all critical outdoor air 

temperatures exist during the heating season.  

 

(a) Power consumption 

 

(b) COP of system  

Figure 10: Experiment results for TERP in heating mode 

Summary and conclusions 

In this study, the thermal behavior of a TERP used in 

heating mode was investigated using a numerical model 

and experiments. The results showed that the TERP can 

be operated in heating mode without fan operation—

different from cooling mode—owing to the Joule effect 

of the TEM. When outdoor air temperatures are higher 

than 28.4○C, the TERP may consume less energy for 

heating with fan operation than without. However, there 

is no such period in practical situations. Therefore, it can 

be concluded that fan operation is not needed during 

heating with a TERP.  

Before this finding, the TERP was only studied for 

cooling purpose, however it can be used for heating in the 

building. In the future, the empirical models will be 

developed to predict its heating capacity and energy 

consumption.  
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Abstract 

Phase change materials (PCMs) are a passive way of 

providing temperature amelioration without significant 

alteration to the building’s design. As with many passive 

technologies, the use of PCMs is highly context-driven, 

with many non-linear relationships in the way the 

environmental system is affected. These include 

insulation, ventilation and the properties of the PCM 

itself, such as melting temperature and thickness. To 

explore the relationships between the different 

parameters, an exhaustive list of construction scenarios 

was created, making use of automation for generation and 

simulation. The simulation model was validated using a 

full-scale construction tested in a calorimeter. Automated 

methods were used to analyse and visualize the data that 

resulted from the large simulation set. The results 

demonstrate that although the presence of night 

ventilation (NV) will raise the PCM’s efficiency, it has no 

effect on the optimum PCM melting temperature. Also, in 

tropical climates, the use of PCMs is not recommended, 

while NV alone is effective for sufficiently-insulated 

buildings. 

Introduction 

Passive techniques are of paramount importance in the 

building industry since their utilization can reduce 

building energy consumption and consequently the 

dependence on mechanical HVAC equipment 

(Fazlikhani, Goudarzi, & Solgi, 2017). Passive systems 

are of particular significance in that the highest 

percentage of energy demand in buildings is for heating, 

cooling and ventilation (Pérez-Lombard, Ortiz, & Pout, 

2008). Having a range of 20-60% effect on the total 

energy demand, the building envelope is one of the most 

vital sections to address when attempting to reduce the 

energy used in buildings (Sadineni, Madala, & Boehm, 

2011). Therefore, the use of passive strategies such as 

Thermal Energy Storage (TES) which can lessen the 

HVAC system loads is of interest. TES system selection 

is chiefly contingent upon factors including the building’s 

operating conditions, the diurnal or seasonal storage 

period required, and economic viability (Dincer, 2002).  

PCMs are a popular type of TES material that use latent 

heat thermal storage to raise the overall heat capacity of 

buildings. Due to their high energy storage density as well 

as their efficiency in charging and discharging heat, 

PCMs have been utilized in many passive designs. The 

use of PCMs can considerably reduce the indoor air 

temperature fluctuations, causing a reduction in the 

energy consumption of buildings (Mandilaras, 

Stamatiadou, Katsourinis, Zannis, & Founti, 2013; 

Nghana & Tariku, 2016). Change of state is the main 

reason for PCM efficacy, since for absorbing and 

releasing energy, their state alters from solid to liquid or 

vice versa (Souayfane, Fardoun, & Biwole, 2016). 

However, low thermal conductivity is the main downside 

of PCMs as this slows down their charging and 

discharging process and consequently their performance 

(Shah, 2018; E Solgi, 2014).  

Thermal inertia is one of the building parameters 

influencing the performance of NV (Landsman, Brager, 

& Doctor-Pingel, 2018; Ebrahim Solgi, Hamedani, 

Fernando, Skates, & Orji, 2018). Thus, the use of PCMs 

as an efficient lightweight TES in buildings with night 

cooling systems has become prevalent (Ebrahim Solgi, 

Fayaz, & Kari, 2016). NV is a passive cooling technique 

that utilizes natural ventilation at night in order to purge 

the excess heat and cool down structural elements such as 

suspended ceilings (Lança, Coelho, & Viegas, 2019). As 

such, in addition to the economic viability of using PCMs 

(Ebrahim Solgi, Memarian, & Moud, 2018), the 

implementation of PCMs into NV systems can 

considerably improve indoor thermal conditions 

(Ebrahim Solgi, Kari, Fayaz, & Taheri, 2017). 

Field studies, experimental studies and computer 

simulations have been utilized successfully to further 

research nocturnal ventilation, thermal mass and PCMs in 

buildings. Energy simulation software has been adapted 

to improve our understanding of theory based on the 

information from experiments and field results. 

Simulations are most useful, as they offer the possibility 

of testing different alternatives which would otherwise be 

difficult, time-consuming and costly to study under real 

conditions. 

There are some studies regarding the optimal PCM 

melting temperatures when they are employed alone or in 

conjunction with NV systems. However, it is still 

unknown whether PCM parameters used alone or coupled 

with NV differ, and how thermal insulation affects these 

parameters. This research, used a validated experimental 

model and numerical simulations to explore optimal PCM 

melting temperatures under the aforementioned 

conditions in three different Australian climatic zones. 

Methods 

The model in this research is a full-scale calorimeter 

which has been used to study PCM behaviour (Ebrahim 
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Solgi, Hamedani, Fernando, Kari, & Skates, 2018). The 

calorimeter has dimensions of 210×210×90 cm with 30 

cm of insulation, in addition to a north-facing test wall 

with dimensions of 150×150 cm. The test wall, containing 

BioPCM-24°C, is located inside the frame. Inside the 

model, there is a baffle with nine series T thermocouples, 

which have an error limit of ±0.5 °C, to measure the 

indoor temperature (see Figure 1, 2). Furthermore, in 

order to record the weather data during the experiment, a 

pyranometer (series Kipp & Zonen CMP 3) with 

sensitivity of 5 to 20 µV/W/m², as well as a humidity and 

temperature logger have been utilized. All the obtained 

data were recorded at five minute intervals. A full 

description of the envelope structure, as well as the 

arrangement of the building materials in the experimental 

model and its validation can be found in (Ebrahim Solgi, 

Hamedani, Fernando, Kari, et al., 2018).  

The calorimeter with all the characteristics outlined above 

as well as the incorporated BioPCM with melting 

temperature of 24°C were simulated in EnergyPlus. It is 

significant to note that BioPCMs consist of non-toxic 

fatty acids sourced from organic materials (Kosny, 

Kossecka, Brzezinski, Tleoubaev, & Yarbrough, 2012). 

 

 

Figure 1: A schematic view of the calorimeter before 

installing the test wall (baffle and thermocouples). 

 

 

 

Figure 2: Installing PCMs on the test wall before 

incorporation into the calorimeter 

This research was carried out using EnergyPlus version 

8.7. EnergyPlus is a software application that simulates 

building energy consumption, described through input 

files containing a detailed model of building construction, 

HVAC systems and their controls. In order to substantiate 

the simulation conditions being similar to real building 

conditions, this software considers the conditions all 

through a secondary HVAC system and coil loads, the 

required heating and cooling load to satisfy defined set-

points for thermal comfort, the equipment energy 

consumption, and other requirements (Crawley, Lawrie, 

Pedersen, & Winkelmann, 2000). EnergyPlus was 

selected for this project owing to its availability along 

with its capability for modelling natural ventilation and 

PCMs factors which are taken into account when 

calculating and modelling the energy performance.  As 

the energy analysis field requires novel materials, such as 

PCMs, the Conduction Transfer Function (CTF) cannot 

be used with the material’s thermal properties since it 

cannot be updated at every time step. Instead, a 

Conduction Finite Difference (CondFD) algorithm was 

added to simulate PCM behaviour or changeable thermal 

conductivity (Tabares-Velasco, Christensen, & Bianchi, 

2012).  

The average difference between the indoor temperatures 

recorded with calorimeter and simulations within 10 days 

is around 2% with 0.95 coefficient correlation (See Figure 

3). Due to the acceptable agreement between the 

experiment and simulations the calorimeter was used as a 

validated model for running annual cooling load. It is 

important to note that the thermostat heating and cooling 

set-points (18 °C and 26 °C, respectively) were based on 

the Australian National Construction Codes, and were 

applied to the model which has an office schedule of 8 am 

to 5 pm.  
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Figure 3: A comparison between experimentation and 

simulations over ten days (Ebrahim Solgi, Hamedani, 

Fernando, Kari, et al., 2018). 

Automation 

To run the simulations of this experiment series, a custom 

application was written, which worked in three parts. The 

first, was reading a base IDF file, which is the format used 

by EnergyPlus that describes the simulation parameters, 

including geometry, material properties and mechanical 

systems operation. The parser was created using the 

ANTLR platform. Having parsed in a text file and having 

it converted to programming objects, selected parameters 

were altered using a combinatorial sequence and for each 

parameter a separate IDF file created. Each of these was 

run through EnergyPlus across multiple computers. One 

situation that should be anticipated by others, using 

similar techniques, is that EnergyPlus does not allow for 

a ‘zero’ length material. Therefore, the IDF file generator 

has to deal with this case specifically, in order to verify 

the effect of the materials. Analysing the data also 

required custom scripting as reading through gigabytes of 

data could not be achieved manually. In this case, the total 

cooling and heating loads were extracted for the different 

climates. Based upon the Köppen and Geiger climate 

classification (Kottek, Grieser, Beck, Rudolf, & Rubel, 

2006), three Australian cities in different climatic zones, 

namely Alice Springs (hot-dry), Brisbane (sub-tropical), 

and Darwin (tropical) were considered for this study.  

 

Results and discussion 

Table 1 illustrates the effects of insulation, PCM 

thicknesses, and night ventilation on the optimal PCM 

melting temperature as well as cooling load reductions. 

Note that although the low and high delta temperatures 

and airflow rates can both augment the NV efficiency, 

they have no impact on the optimum PCM melting 

temperatures (Ebrahim Solgi, Hamedani, Fernando, Kari, 

et al., 2018). Thus, in this section, NV with the airflow 

rate of 5 ACH along with the delta temperature of 1°C 

was performed.  

As illustrated, in the Alice Springs hot-dry climate, in the 

case of using 40 mm (R-value = 1.08 Km2/W) insulation 

and 10 mm PCM, the melting temperature of 26 °C was 

optimal for either using PCM alone or with NV; thus, this 

PCM could reduce cooling loads around 9 and 16%, 

respectively. However, for the insulation thicknesses 

greater than 40 mm, PCM-25°C was optimal. That is, for 

80, 120, and 160 mm (R -values of 2.05, 3.03, and 4 

m2K/W) insulation, the amount of energy saving for 

utilizing PCMs was 3.5, 2.1, and 1.3 %, while for the 

PCMs coupled with NV the saving was 10.2, 8.4, and 7.1 

%, respectively. As can be seen, the productivity values, 

expected by energy savings from using insulation in both 

case scenarios are greater than the PCM thickness itself, 

and the reason for reducing the energy saving while 

increasing the envelope R-values is the noticeable drop in 

the base loads attributable to insulation implementation. 

Notably, all the presented percentages are relative to the 

base condition (without PCM). Interestingly, the trend for 

energy saving and the optimum PCM transitional 

temperatures when it is used in conjunction with NV 

systems are akin to using PCMs exclusively, whilst the 

amount of energy saving in the case of performing NV is 

higher. Moreover, by increasing the PCM thickness 

despite improved energy savings in both case scenarios 

(with and without NV), the optimal PCM melting 

temperatures remain constant. For instance, the average 

amount of energy saving in the case of using 30 mm 

PCMs with and without NV was approximately twice that 

of 10 mm PCMs, while the optimal melting points are the 

same. 

For the Brisbane sub-tropical climate, the impact of 

envelope R-values and PCM thickness on the optimal 

PCM transitional temperature were the same as the 

previous climate, and for the R-values of 2.05 m2K/W and 

greater, PCM-25°C was optimal. However, in the case of 

employing 30 mm PCM coupled with NV, even for the R-

values of 1.08 Km2/W the transitional temperature of 

25°C was the optimum. The amount of cooling load in 

sub-tropical climates is less than hot-dry climates, but as 

the duration for which NV can be performed is higher, the 

impact of combining PCMs and NV is noticeable. For 

instance, the use of 30 mm PCMs along with NV could 

save an approximate average of 78% for all types of 

insulation as opposed to 19.8% for Alice Springs. 

Therefore, the conclusion is that although the PCM 

thickness and NV existence generally do not have any 

effect on the optimal PCM temperatures, the impact of 

insulation in reducing cooling loads is of paramount 

importance. In the climates outlined above and despite 

NV existence, for a sufficiently insulated building, the 

optimal PCM melting temperature, whether there is NV 

or not, is 1 °C lower than the cooling set-point (which is 

26 °C). Furthermore, both climates, are NV-and-PCM 

efficient, and the use of NV will escalate the total energy 

saving. Furthermore, the impact of performing NV on 

saving energy was more notable that both thermal 

insulation and PCM application. For example, in Alice 

Springs, in the case of having 40 mm insulation, the use 

of NV or PCMs reduced cooling load approximately 45% 

and 14.2%, whereas increasing the insulation thickness to 

160 mm resulted in 22% reduction in cooling load. 
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In the tropical climate of Darwin, in the case of using 40 

mm insulation and 10 mm PCMs, the optimal transitional  

temperature was 27 °C (just using PCMs) and 25 °C 

(PCMs and NV), respectively. Similar to the previous 

climates, for the insulation thicknesses of greater than 40 

mm, 25 °C was the best melting temperature. 

Nevertheless, the use of PCMs in conjunction with 120 

and 160 mm insulation had a negative effect on energy 

saving and will increase the energy saving percentages by 

-0.3 to -0.76 and -0.65 to -1.7, respectively. Also, for these 

insulation thicknesses, the impact of NV coupled with 

PCMs was nominal. Although the use of PCMs and NV 

coupled with low R-value envelopes can reduce energy 

consumption, these methods are not highly efficient in 

this climate. That is, in the best case scenario, providing 

that 30 mm PCMs and 40 mm insulation are being 

utilized, the energy saving can account for 19.4 MJ; and 

for the included NV it can account for 30 MJ, while by 

just increasing the insulation thickness, the energy 

demands would reduce to 47.6 MJ and 43.2 MJ, 

respectively. This trend for a higher amount of insulation 

continues even when the PCMs are no longer efficient. 

Additionally, without using PCMs, just by employing NV 

as well as raising thermal insulation, the best results can 

be obtained, with the result that by using 160 mm 

insulation coupled with NV, the cooling load will be 

almost one-third of 40 mm insulation without NV.  

Table 1: The impact of insulation and PCM thickness on the optimum PCM melting  temperature whether coupled with NV. 

 
CL: Cooling Load 

CLR: Cooling Load Reduction 

Conclusion 

In this study, a validated model using a full-scale 

calorimeter was utilized to determine the optimum PCM 

melting temperatures, whether PCM was used in 

conjunction with NV or not. For this exploration, through 

automating EnergyPlus software, a parametric study was 

carried out in three different Australian climatic zones.  

The results of the study have shown that regardless of the 

presence of night ventilation: 

• the optimal PCM melting temperatures is generally 

not dependent on the PCM thickness. That is, for low-

insulated opaque envelopes, the optimal PCM melting 

temperatures for cooling dominant climate are 

generally equal to the cooling set-point temperature; 

• for all climates, thickening PCMs augments the total 

energy saving, and the saving proportion is contingent 

upon the climatic conditions; 

• the use of well-insulated envelopes in sub-tropical and 

hot-dry climates both increases the PCM productivity 

and stabilizes the optimum PCM melting temperature, 

which is 1°C lower than the cooling set-point 

temperature;  

• in tropical climates, although the use of low R-value 

envelopes can reduce the cooling load, for well-

insulated envelopes, the use of PCM is either pointless 

or has negative effect on overall energy consumption. 

However, utilizing NV alonne in a well-insulated 

building is more efficient than any added PCM 

scenarios. 
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PCM 25 °C PCM 26 °C PCM 27 °C 

 

Cities 

Insulation 

Thickness 

(mm) 

No 

PCM 

(MJ) 

 

NV 

without 

PCM 

10 mm PCM 

(MJ) 

10 mm PCM & 

NV(MJ) 

20 mm PCM 

(MJ) 

20 mm PCM  

& NV(MJ) 

30 mm PCM 

(MJ) 

30 mm PCM & 

NV(MJ) 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

Alice 

Springs 

40 154.5 85.3 140.6 9 72.0 15.6 135.9 12 67.1 21.3 132.5 14.2 62.6 26.6 

80 131.4 60.9 126.8 3.5 54.7 10.2 124.6 5.2 51.7 15.1 122.7 6.6 48.8 19.8 

120 123.7 51.5 121 2.1 47.2 8.4 119.9 3 44.7 13.2 118.8 3.9 42.6 17.3 

160 119.8 46.5 118.2 1.3 43.2 7.1 117.9 1.8 41.1 11.6 117 2.3 39.2 15.7 

Brisbane 

40 60.8 10.8 46.3 23.9 4.0 62.9 44.3 27.2 3.0 72.4 42.5 30.1 2.4 77.7 

80 48.2 5.0 43.1 10.4 2.4 50.4 41.4 14 1.6 67.3 40 16.8 1.1 78.4 

120 44.3 3.2 41.5 6.4 1.6 49.3 40.4 8.7 1.0 67.7 39.5 10.8 0.7 79.1 

160 42.4 2.4 40.6 4.8 1.3 48.5 40 5.5 0.8 66.3 39.3 7.2 0.5 78.6 

Darwin 

40 315.6 176.4 305.6 3.1 159.2 9.7 301 4.6 153.7 12.9 296.2 6.2 149.4 15.3 

80 268 133.2 267.2 0.3 128.4 3.6 266.4 0.6 126.3 5.2 265.6 0.9 124.8 6.3 

120 249.5 116.1 250.4 -0.3 114.1 1.8 251 -0.6 113.7 1.8 251.5 -0.76 113.6 2.2 

160 239.6 106.7 241.2 -0.65 106.2 0.4 242.5 -1.2 106.2 0.4 243.6 -1.7 106.1 0.5 
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Abstract 

The potential of phase change materials (PCMs) as 

passive strategy for building energy efficiency is well-

acknowledged. This work explores the enhancement of 

PCMs passive cooling performance by an effective 

control of natural ventilation in residential buildings. 

Numerical analysis via coupled dynamic simulation and 

optimization analysis is carried out for different climate 

zones in Italy. Results show that the sole PCM 

integrations in the internal building envelope provides 

negligible performance improvement. However, the 

control of natural ventilation based on free-cooling 

availability is able to enhance the efficiency of PCMs 

thermal energy storage charge-discharge cycle. 

Accordingly, significant building cooling need reduction 

is achievable through the optimum coupling of PCMs 

and natural ventilation control, especially in the coldest 

climates. 

Introduction 

Given the relevant role played by the building sector in 

global energy need, the implementation of sustainable 

and effective technologies for the design of more energy 

efficient and comfortable buildings is required. Among 

parameters affecting indoor environmental quality and 

thermal comfort in buildings, natural ventilation is a 

significant variable related to occupant behaviour to be 

carefully taken into account since the preliminary design 

stage (Pisello et al., 2016). In this study, the impact of 

the variation of natural ventilation control on the 

effective integration of Phase Change Material (PCM) in 

the building envelope as passive strategy for building 

energy efficiency (Saffari et al., 2017) is assessed. In 

fact, PCM integration in envelope components was 

demonstrated to be effective for the enhancement of 

building thermal-energy performance, when efficiently 

designed (Baetens et al., 2010). In particular, free 

cooling is achievable when selecting a PCM that is 

suitable for the specific climate conditions (Antony 

Aroul Raj and Velraj, 2010). 

In this view, natural ventilation can affect the process of 

PCM thermal energy storage charge and discharge paths 

(de Gracia et al., 2016). These strategies have been 

combined for system application to design a PCM/air 

system able to store latent heat and increase heat transfer 

when coupled to the ventilation system (Borderon et al. 

2015). On the other hand, Liu et al. (2018) numerically 

evaluated the cooling energy storage potential during 

night-time of a ventilated Trombe wall integrated with 

PCMs. As regards phase change materials integration in 

the building envelope, Figueiredo et al. (2017) studied 

the optimization of melting temperature and enthalpy for 

PCM panels incorporated into gypsum board partition 

walls and into suspended ceilings, when varying natural 

ventilation flow rates. The optimum configuration 

allowed more than 30% overheating reduction in the 

room with PCM panels. Similarly, Memarian et al. 

(2018) showed that PCM implementation allows to 

reduce HVAC system working hours in transition 

seasons by 20% when coupled with natural ventilation. 

Focusing on cold climates, an experimental study of 

phase change materials embedded in a highly glazed 

south oriented façade demonstrated efficient thermal 

storage during the whole year (Guarino et al., 2017). 

However, the system has to be coupled with natural 

ventilation for an effective PCM charge-discharge cycle 

during mid-seasons and summer.  

In this panorama and based on the findings of a previous 

study on the impact of natural ventilation on building 

energy requirement at inter-building scale (Pisello et al., 

2016), now a more advanced approach is used to 

evaluate the effect of natural ventilation on PCM 

performance for building envelope applications. 

Validated dynamic simulation coupled with optimization 

analysis is used to assess the performance of building 

walls with PCM inclusions, when varying the indoor 

convection heat transfer mechanism. In detail, different 

natural ventilation rates are entered into the building 

model to show the associated variation in the PCM 

charge and discharge cycles. Then, the novel 

contribution of this study is to define the most effective 

control strategy for natural ventilation, which allows the 

optimization of building envelope passive cooling 

performance for standard residential buildings (de 

Gracia et al., 2015). Similar analyses have been already 

carried out for the office building typology. 

Nevertheless, the analysis of residential buildings 

provides an added value to this field of research since 

occupants have a higher control of natural ventilation at 

home, which is usually more random and unpredictable 

than in offices (Fabi et al. 2013). Therefore, a wider 

analysis involving several indoor conditions, in terms of 

both natural and air-conditioning related ventilation, is 

required in this building typology, which is preliminary 
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addressed in the study focusing on natural ventilation 

role.  

Finally, although this study is focused on the Italian 

climate zones as case study conditions, results can be 

generalized for similar climate contexts and easily 

replicated in a variety of climate conditions around the 

world. 

Methods 

The methodology is based on numerical analysis 

coupling building thermal-energy dynamic simulation 

and optimization analysis. In detail, the role of natural 

ventilation control is investigated with the purpose of 

maximizing the passive cooling potential of PCMs when 

integrated into building envelopes. Furthermore, the 

analysis is carried out for different boundary climate 

conditions.  

To this aim, the ASHRAE standard building model for 

mid-rise apartment building (ASHRAE, 2016) is 

selected as validated case study building. Therefore, 

different building scenarios are considered as follows: 

1. Base scenario (Base): standard building without 

PCM integration in the envelope and without natural 

ventilation. 

2. Optimized PCMs scenario (OptPCM): standard 

building with PCM integrated in the internal 

components of the building envelope, after the 

identification of the optimum PCM melting 

temperature in each climate zone. In detail, 1.5 cm 

thick PCM layer is integrated in the internal 

partitions and ceilings of the building. In this study, 

organic phase change materials are selected and the 

characteristics of the different typologies are defined 

according to existing commercial product RT25 

PCM from Rubitherm (2019), which physical 

properties are reported in Table 1. Therefore, to 

define the optimum PCM peak melting temperature 

in each climate zone among various, hypothetical 

PCM peak melting temperatures were considered 

from 20 °C to 30 °C with reference temperature at 

−20 °C and melting range of 4 °C by following the 

procedure described in Saffari et al. (2018). The 

density change of the PCM due to liquid and solid 

transition is considered negligible, while the 

enthalpy is dependent on temperature variation. The 

range of considered PCM types is selected in 

compliance with standard indoor comfort conditions 

in residential buildings in summer (European 

Committee for Standardization, 2007).  

3. Optimized PCMs scenario with night-time 

ventilation (OptPCM_NV): standard building with 

PCM integration and natural ventilation during night 

hours (from 12:00 a.m. to 6:00 a.m.) by considering 

three ventilation rates, i.e. (i) 5 ac/h (air changes per 

hour), (ii) 10 ac/h, and (iii) 15 ac/h, for a wide 

analysis of the effect of airflow on the performance 

of PCM integrated in the building envelope. 

4. Optimized PCMs scenario with free-cooling-based 

ventilation control (OptPCM_FC): standard 

building with PCM integration and natural 

ventilation control  based on free-cooling 

availability (i.e. activated when outdoor temperature 

is minimum 3°C lower than indoors) by considering 

the same three ventilation rates, i.e. (i) 5 ac/h, (ii) 10 

ac/h, and (iii) 15 ac/h. 

Table 1: Physical properties of Rubitherm RT25 PCM 

(Rubitherm, 2019). 

Physical property Value 

Melting area 22 – 26 °C 

Specific heat 2 kJ/ kg K 

Thermal conductivity (both phases) 0.2 W/m K 

Heat storage capacity  

(combination of latent and sensible heat 

in a temperature range of 16°C to 31°C) 

210 kJ/kg 

Accordingly, the following steps of analysis are carried 

out: 

 Simulation of the building energy need for cooling in 

summer for the Base scenario in each climate zone; 

 Dynamic simulation-coupled optimization analysis 

aimed at defining the optimum melting point of 

PCMs integrated in the internal building envelope in 

order to minimize building cooling energy need in 

each considered climate context; 

 Simulation of the building energy need for cooling in 

summer for the Optimized PCMs scenario in each 

climate zone; 

 Simulation of the building energy need for cooling in 

summer for the Optimized PCMs scenario with 

night-time ventilation in each climate zone; 

 Simulation of the building energy need for cooling in 

summer for the Optimized PCMs scenario with free-

cooling-based ventilation control in each climate 

zone; 

 Comparison of results and selection of the optimum 

natural ventilation control in each climate zone. 

Finally, eight building scenarios are assessed in five 

climate zones and compared in terms of total energy 

need for cooling in summer. Therefore, a total of forty 

scenarios are evaluated. 

Numerical modelling 

Numerical analysis is performed through the 

acknowledged simulation engine EnergyPlus v8.4 

(Crawley et al., 2000). Such whole-building thermal-

energy simulation program allows, among other, the 

modelling of natural ventilation control, by defining the 

air changes in the different hours of the day, and also 

allows the modification of materials thermal properties, 

e.g. phase change materials (Crawley et al., 2001).  

For the correct simulation of PCMs, the Conduction 

Finite Difference (CondFD) algorithm is selected among 

the available calculation algorithms with 60 time steps 

per hour (U.S. DOE, 2016; Saffari et al., 2018). 

In order to assess building energy performance in 

summer, cooling energy need is calculated for the four 
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warmest months in the considered climate zones, i.e. 

from June to September. 

Optimization analysis 

The coupled optimization analysis is developed via the 

generic optimization program GenOpt v3.1.1 (Wetter, 

2000). In fact, this tool can be coupled with several 

simulation engines, e.g. EnergyPlus, to solve building 

energy performance optimization problems developed 

via dynamic simulation. In detail, it performs 

optimization of a user-defined objective function to be 

minimized, in this case cooling energy need, which 

depends on selected independent variables. Therefore, 

optimization problems solved through GenOpt are 

generally defined by the following equation (1): 

            (1) 

Where       is the objective function specified by 

the user, which measures the system performance, and X 

is the constraint set of design alternatives defined by the 

user for the independent variable x. More detailed 

information on the optimization problem definition are 

described in (Piselli et al., 2017). 

In this work, the optimization analysis is used to identify 

the optimum melting temperature of PCMs (independent 

variable) to be integrated in the internal building 

components in order to minimize building energy need 

for cooling (objective function) in summer. Therefore, 

the objective function of this one-dimensional 

optimization analysis can be defined as in the following 

equation (2): 

                       (2) 

Among the various integrated mathematical optimization 

algorithms implemented in GenOpt, the hybrid 

Generalized Pattern Search algorithm (GPS) with 

Particle Swarm Optimization algorithm (PSO) is used in 

this study for an accurate evaluation and not to get 

trapped in local optima (Evins, 2013). 

Case study 

In order to consider different climate boundary 

conditions, the study is performed for one representative 

city in each of the Italian climate zones. The Italian 

regulatory framework (Presidente della Repubblica 

Italiana, 1993) classifies Italy into six climate zones, 

according to the heating degree days (HDD). No 

legislative standard defines the summer cooling zoning. 

Zones range from the coldest zone F up to the hottest 

zone A, characterized by HDD lower than 700, which 

correspond to zone Dfc (Subarctic climate) and zone Csa 

(Hot-summer Mediterranean climate), respectively, 

according to Köppen-Geiger classification (Kottek et al., 

2006). However, zone A includes only the small 

Lampedusa island and no weather data series is available 

for this area. Therefore, only five case study cities are 

considered in the study, i.e. (i) Palermo (zone B), (ii) 

Naples (zone C), (iii) Rome (zone D), (iv) Milan (zone 

E), and (v)Tarvisio (zone F). 

Regarding the case study building, the ASHRAE 

standard prototype building model for mid-rise 

apartment building (ASHRAE, 2016) is considered as 

validated model. The building presents a four-floor 

rectangular prism shape with eight apartments per floor 

and a central distribution area (Figure 1). Each apartment 

is modelled as a separated thermal zone part of the same 

building and, thus, considering the internal thermal mass 

of each thermal zone. In the model, for internal mass, 

wooden furniture with 6-inch width is considered. The 

main technical characteristics of standard building 

envelope components are shown in Figure 1. With 

respect to the validated building model, only the thermal 

resistance of the main envelope components, i.e. external 

wall, roof, ground floor, and window, is increased to 

achieve acceptable U-value in all the climates according 

to the minimum requirements of the Italian regulation 

(Repubblica Italiana, 2015). U-values are set based on 

the HDD of each selected city. Accordingly, some 

models present U-values lower than those required by 

the regulation, because, when stricter, the characteristics 

of the standard ASHRAE model are kept. Table 2 

reports the HDD and CDD (cooling degree days) for 

each city and the thermal transmittance in steady state 

(U-value) of the main building envelope components.  

As for the HVAC system, given its influence on the final 

building energy performance (Piselli et al., 2017), Ideal 

Loads configuration is modelled in order to obtain 

building total energy need for cooling. Cooling set-point 

temperature is set equal to 25°C, according to EN 

15251:2007 (European Committee for Standardization, 

2007). 

Table 2: Climate zone, HDD, CDD, and main building 

envelope components U-value for each case study city. 

Köppen 

class 

City & 

Zone 

HDD CDD U-value 

[W/m2 K] 

Csa Palermo 

(B) 

751 150 Roof 0.19 

Ext. wall 0.38 

Ground 

floor 

0.46 

Window 2.40 

Csa Naples 

(C) 

1034 188 Roof 0.19 

Ext. wall 0.38 

Ground 

floor 

0.40 

Window 2.40 

Csa Rome 

(D) 

1415 168 Roof 0.19 

Ext. wall 0.33 

Ground 

floor 

0.32 

Window 1.80 

Cfa Milan  

(E) 

2404 158 Roof 0.19 

Ext. wall 0.30 

Ground 

floor 

0.30 

Window 1.80 

Dfc Tarvisio 

(F) 

3959 20 Roof 0.19 

Ext. wall 0.28 

Ground 

floor 

0.28 

Window 1.50 
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Figure 1: Case study mid-rise apartment building model 

and opaque envelope characteristics. 

Finally, the model inputs in terms of site location and 

design days for each climate scenario are defined 

according to the EnergyPlus weather files (U.S. DOE’s 

BTO, 2016). 

Results 

Firstly, results of the optimization analysis of melting 

point of PCM layer to be integrated in the internal 

building envelope is presented. Therefore, the different 

scenarios with and without natural ventilation control are 

discussed and compared.  

PCMs optimization 

Initially, the PCM layer thickness and location within the 

building envelope is investigated. Integration in both the 

external envelope and the internal envelope components 

is explored, with layer thickness from 0.5 to 1.5 cm. 

Thereafter, the most suitable configuration, i.e. the sole 

leading to little performance improvement, is found to be 

1.5 cm thick PCM layer located within the sole internal 

partitions and ceilings. 

Therefore, the PCM melting temperature is optimized in 

each climate condition in order to minimize building 

energy need for cooling in summer. Figure 2 depicts the 

results of the optimization analysis when compared to 

the Base scenario, i.e. without any PCM layer. In spite of 

everything, the sole inclusion of PCM layer in the 

internal components does not show substantial building 

performance improvement in summer. In fact, cooling 

need reduction up to 716 kWh and 715 kWh is obtained 

in the hottest Naples (zone C) and Palermo (zone B), 

respectively. The energy saving is reduced to 580 kWh 

and 359 kWh in Tarvisio (zone F) and Rome (zone D), 

respectively, and even to 51 kWh in Milan (zone E). 

Nevertheless, the PCM melting temperature providing 

the lowest building cooling need is defined in each 

climate. In detail, the optimum melting point in zones B 

(Palermo), C (Naples), D (Rome), and F (Tarvisio) is 

found to be 26°C, while it is 29 °C in zone E (Milan). 

The significant difference in the result for zone E, i.e. 

humid subtropical climate, is simply due to the flatter 

trend in this climate context (Figure 2). 

 

Figure 2: Building total cooling need variation with 

varying the PCM layer melting point in the five Italian 

climate zones. 

Natural ventilation control 

Secondly, the optimized building scenarios with the 

inclusion of PCM layer in the internal building envelope 

are simulated in each climate zone by varying the natural 

ventilation rate. As previously mentioned, three 

scenarios for night-time (12:00 a.m. - 6:00 a.m.) natural 

ventilation rate and the same three for free-cooling-

related natural ventilation control are explored. Figures 3 

and 4 show the variation of total building cooling need 

in summer with varying natural ventilation rate during 

night-time and controlled depending upon the 

temperature difference between outdoor and indoor for 

free-cooling, respectively. The scenario with ventilation 

rate equal to 0 ac/h corresponds to the OptPCM scenario 

in each climate. 

Night-time natural ventilation appears to worsen 

building energy performance in summer in the cooling-

dominated climates, i.e. Naples, Rome, and mainly in the 

hottest Palermo. Moreover, cooling need increases when 

increasing the number of air changes per hour. This 

means the even during night the high outdoor 

temperature do not allow the correct discharge of 

thermal energy stored by PCMs. Therefore, the best 

natural ventilation control is by allowing only 5 ac/h 

exchange. On the contrary, in the coldest climates, i.e. 

Milan and Tarvisio, night ventilation slightly improves 

building energy performance and mainly with the 

highest explored rate, i.e. 15 ac/h, which is best 

performing among the OptPCM_NV scenarios. 

 

Figure 3: Building total cooling need variation with 

optimum PCM layer melting point and with varying 

night-time natural ventilation rate in the five Italian 

climate zones. 
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Figure 4: Building total cooling need variation with 

optimum PCM layer melting point and with varying free-

cooling-based ventilation rate in the five Italian climate 

zones. 

On the other hand, free-cooling-based natural ventilation 

control is able to enhance PCM passive cooling 

efficiency in all analyzed climates. The performance is 

especially improved in the coldest climates, i.e. Milan 

(zone E) and Tarvisio (zone F). In this last climate 

context, the energy need for cooling is dampened down 

up to make the installation of cooling system almost 

negligible (summer energy need equal to 4.9 kWh/m
2
). 

Therefore, the optimum control of natural ventilation 

based on free-cooling availability involves an exchange 

rate equal to 15 ac/h in all considered climate zones, 

except in the mild climate of Rome (zone D). 

Discussion 

Figure 5 reports the variation of cooling energy need in 

each considered climate zone in the different scenarios. 

In particular, the Base scenario, the OptPCM scenario, 

and the best performing scenario among the 

OptPCM_NV and the OptPCM_FC series (selected 

based on the previous results), respectively, are 

compared. The comparison of the main scenarios 

highlights how the proposed solution appears to be 

slightly effective for building energy performance 

improvement in summer in the hottest climate zones, 

corresponding to Csa zone according to Köppen-Geiger 

classification. In fact, cooling need is negligibly 

improved or even increased when coupling PCMs and 

night natural ventilation (Table 3). When switching to 

free-cooling-based ventilation control, the performance 

improvement is still up to 8.1%, 7.5%, and 4.2% in 

Naples, Rome, and Palermo, respectively. 

 

Figure 5: Building total cooling need variation for the 

assessed scenarios in the five Italian climate zones. 

On the other hand, significant energy efficiency can be 

potentially achieved in the coldest climate zones. As 

reported in Table 3, night-time natural ventilation 

control allowing 15 ac/h of air exchange is able to 

enhance PCM passive cooling potential up to 10.9% 

energy need reduction in Dfc zone (Tarvisio). 

Furthermore, the same control of free-cooling-based 

natural ventilation leads up to 68.5% efficiency in Dfc 

zone and 12.4% in Cfa zone (Milan).  

Anyway, in general, natural ventilation has demonstrated 

to influence the effectiveness of PCM implementation as 

passive strategy for building cooling performance. Such 

findings could be potentially used even in the design and 

control of mechanical ventilation. 

Table 3: Comparison of cooling need in the main 

scenarios. 

City Qcooling [kWh] 

Base OptPCM OptPCM 

_NV 

OptPCM 

_FC 

Palermo 73959 73913 

(-0.06%) 

79526 

(+7.53%) 

70881 

(-4.16%) 

Naples 66970 66902 

(-0.10%) 

66842 

(-0.19%) 

61526 

(-8.13%) 

Rome 66239 66227 

(-0.02%) 

65827 

(-0.62%) 

61274 

(-7.50%) 

Milan 60169 60151 

(-0.03%) 

57722 

(-4.07%) 

52727 

(-12.4%) 

Tarvisio 42532 42527 

(-0.01%) 

37885 

(-10.9%) 

13418 

(-68.5%) 

Conclusion 

Given the significant potential of phase change materials 

in improving building energy efficiency as passive 

strategies when integrated into the building envelope, 

this work assesses the role of natural ventilation control 

in enhancing such performance. In detail, PCM melting 

point is firstly optimized in order to minimize building 

cooling energy need when integrated in the internal 

building envelope. Therefore, the influence of natural 

ventilation control in activating PCMs passive cooling 

potential is investigated by considering two ventilation 

controls, i.e. night-time and free-cooling based, with 

different air exchange rates. Results show a significant 

variation in the efficiency of the thermal energy storage 

charge-discharge cycle of PCMs integrated in the 

internal building envelope when varying the considered 

natural ventilation control and the climate context. In 

fact, night-time ventilation appears to worsen the passive 

cooling performance of PCMs in hottest climates up to 

7.5% cooling need increase in Palermo, due to little 

temperature drop during night. Conversely, ventilation 

control based on free-cooling availability with high air 

exchange rate is able to optimize PCMs charge-

discharge capability in all considered climate contexts, 

up to 68.5% cooling need reduction in the coldest 

climate of Tarvisio.  

According to the promising findings obtained in this 

work, future studies should further assess optimum 

control strategies of natural and mechanical ventilation 

in buildings when coupled with the implementation of 
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phase change materials in the external and internal 

building envelope as passive energy efficiency 

strategies. Such controls could be actually implemented 

for the effective management of buildings based on the 

climate context. Moreover, the same procedure is 

reproducible for other climate conditions. 
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Nomenclature 

     Objective function of the optimization analysis 

x Independent variable of the optimization 

analysis 

X Constraint set for the independent variable 

Qcooling Building total energy need for cooling in 

summer [kWh] 

Tm, PCM Melting point of PCMs integrated in building 

internal envelope components [°C] 
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Abstract 

Building-integrated microgrids (BIMGs) are rising in 

popularity due to their flexibility in incorporating multiple 

distributed energy resources including renewable energy 

sources and battery energy storage systems (BESS) and 

their natural suitability for demand response. To date, 

there have been almost no studies about the effect of 

various climate, building type, and electricity prices on 

BESS’s potential for peak load reduction and energy cost 

savings. In this study, all sixteen U.S. Department of 

Energy (DOE) commercial reference building types are 

simulated with weather data from eighty U.S. cities across 

all eight ASHRAE climate zones using model predictive 

control (MPC) algorithm and incorporating BESS and 

varying electricity price schemes for Intelligent Building 

to Battery (B2B) control. Results show that cities in 

colder climate zones can expect up to 3%  greater cost and 

demand savings than in hotter climate zones; additionally, 

cities with time-of-use price scheme can expect up to 60% 

shorter payback period than those with tiered prices.   

Introduction 

Buildings account for more than 40% of the total energy 

demand in the U.S., resulting in an annual national energy 

bill totalling more than $430 billion according to a Multi-

Year Program Plan from the Building Technologies 

Office of the U.S. Department of Energy (2016) . With 

the increasing penetration of distributed energy resources 

such as photovoltaic (PV) systems, electric vehicles 

(EVs), and battery energy storage systems (BESS) at the 

individual building level, electrical load patterns become 

uncertain and variable, contributing to grid instability and 

energy waste. At the grid level, the introduction of 

renewable energy also makes the power system status 

more uncertain and variable, which requires more 

ancillary services to ensure system supply adequacy and 

reliability. Thus, the need for ancillary service provisions 

will increase substantially, and utility will require more 

flexible loads. A demand response program is one of the 

solutions; however, this is currently disconnected from 

the needs of building owners.  

One potential solution that also directly serves the needs 

of building owners is using battery energy storage system. 

Whether or not a building is solar-powered, a BESS can 

help to smooth out power fluctuations in building demand 

or renewable generation. Batteries are beneficial to 

building operators because they provide them with the 

capability to purchase and store extra power during off-

peak pricing time and use that power later during peak 

price times. This capability becomes especially effective 

if the building is also solar-powered. In this case, the 

BESS can store surplus solar energy during peak 

production times (i.e., during the day) and provide energy 

in the evening when prices are high and solar power 

generation is low. Thus the surplus solar energy need not 

be curtailed, and the building’s peak grid demand is 

shaved. When used in this manner, battery energy storage 

can result in significant energy savings. The benefits of 

energy storage for solar-powered buildings are largely 

underestimated. This is mainly due to:  

 The uncertainty in renewable energy production 

forecasting;  

 The lack of integrated control of energy storage and 

flexible building loads. 

The aim of this research is twofold. The first aim is to 

explore the potential of battery energy storage systems for 

increased energy efficiency in the most common 

commercial building types across all different climate 

zones in the U.S. The second is to explore the impact upon 

building-integrated BESS of differing utility rate 

structures. In this study, all sixteen Department of Energy 

(DOE) commercial reference building types are simulated 

with weather data from eighty U.S. cities across all eight 

ASHRAE climate zones using EnergyPlus, creating a 

baseline of energy usage. Then, an energy simulation is 

performed for each building in each city under a model 

predictive control (MPC) scheme using Matlab. Finally, 

Matlab is used to simulate the buildings’ energy usage 

with integrated energy storage under multiple different 

electricity price rates and with five different levels of 

battery storage penetration. In total, 6 400 simulation runs 

were conducted.  

Current State-of-the-Art 

The U.S. Department of Energy defines a microgrid as “a 

group of interconnected loads and distributed energy 

resources within clearly defined electrical boundaries that 

acts as a single controllable entity with respect to the grid” 

and which has the capability to “connect and disconnect 

from the grid to enable it to operate in both grid-connected 

or island-mode.” (Office of Electricity Delivery and 

Energy Reliability, 2011) Building-integrated microgrids 

(BIMGs) are particularly beneficial to building operators 

due to their capability for demand side management 

(DSM), often used interchangeably with demand response 
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(DR). DSM categorizes a broad array of actions which 

may be taken by the BIMG controller or building operator 

in response to supply side signals. These actions may 

include load shedding, load shifting, switching to more 

energy efficient appliances, increasing renewable energy 

penetration, and others. One of the most effective 

techniques for implementing DSM is to use battery 

energy storage. BESS can be combined with many other 

DR techniques (for example, peak shaving, load shifting, 

and renewable energy implementation) to amplify the 

cost- and energy-saving effects. One widely adopted 

approach for BIMG control is model predictive control 

(MPC). MPC uses knowledge of a system’s current state 

to predict its future state and find the optimal control 

actions {𝑢(𝑘), … , 𝑢(𝑘 + 𝑁 − 1)}  over a prediction 

horizon N. The first control action 𝑢(𝑘) is implemented 

and the optimization problem is solved again over the next 

N time steps. Because it optimizes the system over a 

prediction horizon and not simply the next control step, 

MPC has the advantage of taking into account the future 

state of the system and future disturbances when making 

control decisions for the current next step. It has the 

ability to anticipate future events and act on that 

foreknowledge in the present. Additionally, MPC 

problem has the advantage of being relatively easy to 

formulate, since all that is required is the system dynamic 

model. 

Many researchers study the potential of DSM and DR 

techniques (both with and without BESS) in reducing 

building energy use and energy costs, as well as the 

performance of MPC algorithms in implementing such 

measures. O’Shaughnessy, Cutler, Ardani, and Margolis 

(2018) used the U.S. National Renewable Energy 

Laboratory’s Renewable Energy Optimization (REopt) 

model to evaluate cost-optimal technology selection, 

sizing, and dispatch for residential BIMGs under several 

different rate structures. REopt solves a mixed-integer 

linear program to minimize life cycle energy costs for a 

BIMG by selecting the optimal configuration of PV, 

BESS, and smart appliances. O’Shaughnessy et al. 

performed case studies assuming flat rates, time of use 

(TOU) rates (including the Arizona “super peak” tariff), 

and demand charges. Nan, Zhou, and Li (2018) developed 

a DR scheduling model for a smart residential community 

microgrid which uses interruptible loads in combination 

with different price programs to minimize residents’ 

energy cost and peak load while maintaining occupant 

comfort within acceptable bounds. They found through 

case studies that depending on the price program, DR 

allowed residents to reduce total energy consumption by 

up to 1.5% and to shave peak loads by up to 4%.  

Mirakhorli and Dong (2018) developed a novel load 

aggregation method in a community-scale microgrid 

including BESS and electric vehicles using behaviour-

driven, price-based MPC. Case studies on benchmark 

feeders demonstrated savings of up to 22% in operational 

cost, with peak demand reduction of up to 17%. Jin, Feng, 

Liu, Marnay, and Spanos (2017) formulated microgrid 

optimal dispatch with demand response (MOD-DR), a 

multi-objective optimization based on a large-scale 

microgrid model with flexible loads and integrated 

renewable energy and energy storage and incorporating 

uncertainty in real-time electricity price and renewable 

energy generation. They employed an adaptive dispatch 

strategy similar to MPC which resulted in overall peak 

load reduction of 17.5% and 8.8% cost savings for a 

campus prototype. Shakeri et al. (2017) developed a novel 

system architecture and control algorithm for an 

intelligent home energy management system (HEMS) 

which incorporates energy storage to facilitate demand 

response of a residential PV-integrated microgrid. Using 

a new smart rule-based controller algorithm which uses 

BESS for peak shaving in conjunction with controllable 

loads, they demonstrated cost savings of up to 20% for a 

single residence over a typical summer day.  

Nwulu and Xia (2017) and Tabar, Jirdehi, and Hemmati 

(2017) investigated various demand response strategies, 

both with and without energy storage, for multi-building 

microgrids using multi-objective optimization problems. 

Nwulu and Xia demonstrated up to 11% cost savings and 

Tabar et al. demonstrated significant energy reduction in 

case studies. Wei, Zhu, and Yu (2016) developed an 

MPC-based framework for integrating the operations of 

smart buildings with BESS  and the energy scheduling of 

the power grid through proactive demand participation, 

allowing buildings to proactively communicate their 

energy consumptions needs to the grid rather than 

passively react to grid signals. Case studies demonstrated 

that the proactive DR scheme can save up to 20% in 

building operating cost. Many similar studies can be 

found in the literature demonstrating the effectiveness and 

potential for cost and energy savings provided by DR 

programs. (Khalid, Ahmadi, Savkin, and Agelidis, 2016; 

Sachs & Sawodny, 2016; Aghajani, Shayanfar, & 

Shayeghi, 2015; Safamehr & Rahimi-Kian, 2015; Xue, 

Wang, Yan, & Cui, 2015; Mazidi, Zakariazadeh, Jadid, & 

Siano, 2014; Zakariazadeh, Jadid, & Siano, 2014; Aghaei 

& Alizadeh, 2013) 

Summary of Previous Studies  

To the best of the authors’ knowledge, this study is the 

first work to perform large-scale energy simulations with 

integrated BESS using MPC algorithm. This study 

encompasses all sixteen U.S. Department of Energy 

commercial reference building types in nearly one 

hundred cities across all eight U.S. climate zones. The 

simulations incorporate several different electricity 

pricing schemes including fixed rate, tiered rate, time-of-

use (TOU) rates, demand rates, seasonal rates, and 

combinations of these. In addition, to the best of the 

authors’ knowledge, this study is the first work to perform 

a large-scale payback analysis for commercial building-

integrated BESS. The results of this research may help to 

build a business case for either integrating BESS into 
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initial building design or retrofitting existing buildings for 

increased energy efficiency. 

Methodology  

The intelligent Building to Battery (B2B) control consists 

of three layers: Baseline Generation, MPC Building 

Control, and Building-Battery Integration. The Baseline 

Generation layer consists of EnergyPlus simulations 

using the 16 DOE commercial reference building models 

and typical meteorological year (TMY) data from 80 U.S. 

cities to generate baseline energy usage for each building 

in each city. The Baseline Generation layer also outputs 

building disturbances for one year.  

The second layer, MPC Building Control, takes as input 

the baseline building energy usage and building 

disturbances generated by the first layer. They are put 

through an MPC algorithm which outputs an intelligently 

controlled building energy usage. The final layer takes as 

input the intelligent building energy usage, electricity 

prices from 70 utility companies serving the 80 cities, and 

5 different BESS sizes. These inputs are run through a 

nonlinear battery optimization, and the final output is an 

optimal building-and-battery energy usage with set-points 

for the building temperature and battery state of charge. 

The B2B control process is depicted in Figure 1.  

Figure 1: Intelligent B2B control scheme. 

Utility Price Dataset 

The utility prices used in this study are gathered from the 

individual tariffs of 70 electricity providers throughout 

the U.S. There are four main features to the utility price 

schemes: tiered rates, time-of-use (TOU) rates, seasonal 

rates, and demand charges. The first three features are 

energy charges (charged by kilowatt-hours); demand 

charges are charged by kilowatts. In a tiered rate scheme, 

the price per kilowatt-hour decreases as certain thresholds 

or tiers are reached. In a TOU rate scheme, the price per 

kilowatt-hour depends on the time of day; peak times are 

most expensive. A customer pays either tiered rates or 

TOU rates, but not both. If seasonal rates are in effect, the 

rates vary depending on the season; seasonal rates can 

apply to both tiered and TOU schemes. Finally, demand 

charges are charged based on billing demand, which is 

typically the highest kilowatt reading taken over a billing 

cycle. Demand charges may also apply to both tiered and 

TOU schemes. The Euler diagram in Figure 2 displays the 

possible pricing scheme combinations.  

Figure 2: Pricing schemes. 

Building Model  

Well-established simulation tools, such as EnergyPlus 

(U.S. DOE, 2018), have demonstrated the potential to 

model commercial buildings where the fundamentals of 

heat transfer and thermal dynamics are accurately 

captured. The complexity and high number of model 

variables make these tools difficult to include in MPC 

unless co-simulation or other routines are used. Recently, 

researchers developed reduced order thermal network 

models to solve the individual building optimal control 

problem for MPC (Hazyuk, 2012). In this project, the 

authors have developed a further reduced order thermal 

resistance and capacitance (RC) network model which 

only has one temperature state, namely, space temperature 

𝑇𝑧𝑜𝑛𝑒, as depicted in Figure 3 below. 

Figure 3: 1R3C building thermal model. 

From the figure, the temperature state, 𝑇𝑧𝑜𝑛𝑒 , of the 

“super-zone” is given by:  

𝐶𝑧𝑜𝑛𝑒�̇�𝑧𝑜𝑛𝑒 =
𝑇𝑎𝑚𝑏 − 𝑇𝑧𝑜𝑛𝑒

𝑅𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

+ 𝐶1𝑄𝐻𝑉𝐴𝐶

+ 𝐶2𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 + 𝐶3𝑄𝑠𝑜𝑙𝑎𝑟  

(1) 

where 𝐶𝑧𝑜𝑛𝑒 is the thermal capacitance of the super-zone 

(Joules per Kelvin); 𝐶1, 𝐶2, and 𝐶3 are adjusted thermal 

capacitance parameters of the building envelope (Joules 
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per Watt); 𝑅𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔  is the average thermal resistance 

(Kelvin per Watt); 𝑇𝑎𝑚𝑏 , 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 , and 𝑄𝑠𝑜𝑙𝑎𝑟  are the 

building disturbances (outdoor ambient temperature in 

Kelvin, internal heat gains due to occupants in Watts, and 

external heat gains due to solar radiation in Watts); and 

𝑄𝐻𝑉𝐴𝐶  is the control input (HVAC cooling load in Watts). 

Hence, the dynamics of building in state-space format can 

be written as: 

�̇� = 𝐴𝑥𝑥 + 𝐵𝑢𝑥
𝑢𝑥 + 𝐵𝑤𝑥

𝑤𝑥 (2) 

The system description (2) represents a linear, time-

invariant dynamical system.  

To get the building accurate model parameters, we 

conducted parameter estimation based on simulation 

results of EnergyPlus models through temperature 

minimization: 

𝑚𝑖𝑛 ∑ (𝑥𝑖 − 𝑇𝑖)2𝑛
𝑖=1   

𝑠. 𝑡𝑜  �̇� = 𝐴𝑥𝑥 + 𝐵𝑢𝑥
𝑢𝑥 + 𝐵𝑤𝑥

𝑤𝑥 

(3) 

Battery Model  

In this project, a nonlinear battery model based on 

equivalent circuit representation of the battery system can 

be expressed as 

𝑃𝑏𝑎𝑡𝑡(𝑡) = 𝑁𝑐𝑒𝑙𝑙(𝑉𝑐𝑒𝑙𝑙(𝑡) − 𝑅𝑐𝑒𝑙𝑙(𝑡) ∙ 𝐼(𝑡)) ∙ 𝐼(𝑡) (4) 

where 𝑃𝑏𝑎𝑡𝑡  is the battery charging and discharging 

power, 𝑁𝑐𝑒𝑙𝑙  is the number of the battery cells (assumed 

to be 100), 𝑉𝑐𝑒𝑙𝑙  is the battery open circuit voltage, 𝑅𝑐𝑒𝑙𝑙  

is the battery resistance, and 𝐼 is the battery current.  

The battery open circuit voltage is the difference of the 

electrical potential between the two terminals of a battery, 

when there is no external load connected. As the value of 

battery open circuit voltage is strongly dependent on 

battery SOC (State of Charge), it can be formulated as 

𝑉𝑐𝑒𝑙𝑙(𝑡) =  𝑉0 +
𝐾

1 − 𝑆𝑂𝐶(𝑡)
+ 𝐴𝑒𝐵∙𝑆𝑂𝐶(𝑡)

+ 𝐶 ∙ 𝑆𝑂𝐶(𝑡) + 𝐷 ∙ 𝑆𝑂𝐶(𝑡)2 

(5) 

where 𝑉𝑐𝑒𝑙𝑙  is the battery cell voltage, 𝑉0 is a base voltage, 

𝐾, 𝐴, 𝐵, 𝐶, 𝐷 are the parameters which need to be fitted 

for each individual battery cell, and 𝑆𝑂𝐶 is the state of 

charge of the battery. The battery resistance can also be 

expressed based on 𝑆𝑂𝐶 as 

𝑅𝑐𝑒𝑙𝑙(𝑡) = 𝐸 + 𝐹 ∙ 𝑆𝑂𝐶(𝑡) + 𝐺 ∙ 𝑆𝑂𝐶(𝑡)2 (6) 

where 𝐸, 𝐹, and 𝐺 are also the parameters which need to 

be fitted for each individual battery cell. 

The battery SOC is calculated as follows: 

𝑄0
𝑑

𝑑𝑡
𝑆𝑂𝐶(𝑡) = {

−𝜂𝑑𝐼𝑑(𝑡)
−𝜂𝑐𝐼𝑐(𝑡)

  𝑓𝑜𝑟 𝐼𝑑(𝑡) > 0 (7) 

where 𝑄0  is the nominal battery capacity, 𝜂𝑑  is 

discharging efficiency, 𝜂𝑐 is the charging efficiency, 𝐼𝑑 is 

the discharging current, and 𝐼𝑐 is the charging current. By 

redefining the battery current in (7), it can be rewritten as 

𝑄0

𝑑

𝑑𝑡
𝑆𝑂𝐶(𝑡) = 𝜂𝑐𝐼(𝑡) − 𝜂𝑑𝐼(𝑡) (8) 

where 𝐼(𝑡) = 𝐼𝑑(𝑡) − 𝐼𝑐(𝑡) , 𝐼𝑑(𝑡) ∙ 𝐼𝑐(𝑡) = 0  (since 

charging and discharging cannot occur simultaneously), 

𝐼𝑑(𝑡) ≥ 0, and 𝐼𝑐(𝑡) ≥ 0. 

Model Predictive Control  

In this study, we use model predictive control to 

intelligently control the building energy usage before 

incorporating the battery energy storage (layer 2 of the 

B2B control scheme). MPC is formulated as follows, as 

per Camacho and Bordons (2004): 

min
{𝑢(𝑘)}

 ∑ 𝐽(𝑥(𝑘 + 𝑖), 𝑢(𝑘 + 𝑖))
𝑁−1

𝑖=0
 (9) 

𝑠. 𝑡𝑜 𝑥(𝑖 + 1) = 𝐴𝑥(𝑖) + 𝐵𝑢𝑢(𝑖) + 𝐵𝑤𝑤(𝑖)  

 {𝑢(𝑘)} = {𝑢(𝑘), … , 𝑢(𝑘 + 𝑁 − 1)}  

 𝑥(0) = 𝑥(𝑘)  

 𝑥(𝑖) ∈ 𝒳   

 𝑢(𝑖) ∈ 𝒰 ,         ∀𝑖 ∈ ℤ0
𝑁−1  

where 𝐽(𝑥(𝑘 + 𝑖), 𝑢(𝑘 + 𝑖))  is a cost function. In this 

case, 𝐽 is the total energy cost. Here the control actions 
{𝑢(𝑘)} are 𝑄𝐻𝑉𝐴𝐶(𝑘). 

Sizing of Battery Energy Storage System 

For each of five battery factors, the capacity of the BESS 

is sized according to the following equation: 

𝑐𝑎𝑝𝑏𝑎𝑡𝑡 =
𝐹𝑏𝑎𝑡𝑡 ∙ max(𝐸𝑏𝑎𝑠𝑒) ∙ 1000 𝑊

𝑘𝑊⁄

𝑁𝑐𝑒𝑙𝑙

 (10) 

where 𝐹𝑏𝑎𝑡𝑡 is the battery factor (10, 20, 30, 40, or 50% in 

the case of this study), 𝐸𝑏𝑎𝑠𝑒  is the annual baseline energy 

use in kilowatt-hours, and 𝑁𝑐𝑒𝑙𝑙  is the number of cells in 

the BESS. 𝑐𝑎𝑝𝑏𝑎𝑡𝑡  is the BESS’s energy capacity in 

kilowatt-hours. The battery systems are sized according 

to the maximum kilowatt-hour value of the baseline 

energy usage 𝐸𝑏𝑎𝑠𝑒 . 

Results and Discussion  

We discuss two key results: demand cost reduction and 

simple payback period for BESS. These results are 

compared by climate zone, price structure, and building. 

Selection of Cities  

This study analyses potential energy savings and peak 

demand reduction for buildings in 80 cities spanning all 8 

ASHRAE climate zones found in the U.S. Figure 4 

displays the number of cities studied per climate zone, as 

well as the relative temperature of each zone, from very 

hot (zone 1) to subarctic (zone 8).  

Figure 4: Number of cities studied in each climate zone. 
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The cities were selected to reflect relative regional 

population density. Additionally, only cities for which 

TMY and electricity rate data could be found were 

selected. Zone 1, which includes the southernmost tip of 

Florida and all of Hawaii, and zone 8, which encompasses 

approximately  two-thirds of Alaska, serve to demonstrate 

the relative density-driven city selection process. 

Total Energy Cost Reduction by Climate Zone 

First we examine the reduction in total energy cost. Table 

1 shows the mean absolute energy cost reduction per 

simulation run, by climate zone. Figure 5 shows the 

percent reduction in total energy costs across all 80 cities, 

grouped by climate zone.  

Table 1: Mean absolute energy cost reductions. 

Zone Reduction ($1000) Zone Reduction ($1000) 

1 319.61 5 350.97 

2 339.80 6 336.73 

3 347.51 7 319.61 

4 350.97 8 409.02 

Figure 5: Total energy cost reduction by climate zone. 

Each bar represents one city. Bar height is the average 

percent reduction in demand cost over all 16 building 

types in the city and over all 5 battery sizes (i.e., 80 

simulations per city). Error bars show the maximum and 

minimum percent reduction. 

It is interesting to note that there is a general upward trend 

in total energy cost reduction as the climate gets colder. 

This may be explained by the fact that buildings in colder 

climates require more heating than cooling annually. In 

EnergyPlus simulations, the majority of heating energy is 

derived from natural gas, whereas the entirety of cooling 

energy is obtained from electricity use. This results in 

baseline electricity use levels which are lower in colder 

climates than in hotter climates. Therefore when B2B 

control is applied and energy use is reduced, the percent 

reduction is often greater even if the absolute reduction 

may not be. 

Demand Cost Reduction by Climate Zone 

The first key result is the reduction in demand cost. Figure 

6 shows this percent reduction across all 80 cities, 

grouped by climate zone. 

As before, each bar represents the average percent 

reduction for one city, with error bars showing the 

maximum and minimum reductions over all simulations 

for that city. Blank spaces in the figure (i.e., zero percent 

reduction) indicate that the city does not have a demand 

 Figure 6: Demand cost reduction by climate zone. 

charge, not that the city experienced zero reduction in 

billing demand. On average, demand cost constitutes 

approximately one percent of total energy cost. 

For all cities where customers pay demand charges, the 

reduction in demand cost is significant, averaging from 

5% to 17%, with maximum reduction values up to 42%. 

Similarly to the total energy cost reduction, the demand 

cost reduction also shows an upward trend from hot to 

cold climates. This trend can be explained in the same 

way as the trend in Figure 5. 

Demand Cost Reduction by Price Structure and 

Building 

Also of interest is the way that expected demand cost 

reduction is affected by building type and pricing 

structure. Figure 7 displays the demand cost reduction by 

building for Wilmington, a city with tiered electricity 

rates, and Charleston, a city with TOU electricity rates. 

Both cities experience seasonal demand rates. 

Figure 7: Demand cost reduction by building – tiered 

rates (top) and TOU rates (bottom). 

Both cities are located within climate zone 3, with a hot 

and humid climate; both have a seasonal demand cost. 

Each bar represents one of the DOE commercial reference 

buildings. Bar height is the average percent reduction 

across all five battery sizes. Error bars show the maximum  

and minimum percent reduction for each building. The 

building types are, from left to right: high-rise apartment 
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building, mid-rise apartment building, hospital, large 

hotel, small hotel, large office, medium office, small 

office, outpatient healthcare facility, standalone retail 

center, retail strip mall, primary school, secondary school, 

and warehouse.  

As the figure shows, there is little variation in demand 

cost reduction across different battery factors for the same 

building, but there is significant variation in demand cost 

reduction across different buildings. In Wilmington, the 

three buildings with the greatest demand cost reduction 

are high-rise apartment, small hotel, and standalone retail.  

In Charleston, these same three building types are within 

the top five with greatest demand cost reduction. The 

apartment building is a multi-family residence; as such, it 

can be expected to experience peak load during peak 

pricing times (for TOU). Similar reasoning can be applied 

to a small hotel. Thus the incorporation of BESS will 

provide the greatest percentage reduction in demand and 

therefore demand cost for these particular buildings, 

especially under TOU price scheme. 

It is worth nothing that the average percent reduction is 

greater for Wilmington (tiered prices) than in Charleston 

(TOU prices), a reminder that the conclusions drawn from 

Figures 5 and 6 are not universally true, but should serve 

more as a general guideline when forming initial 

estimates regarding the potential benefits of BESS for a 

particular building or city. 

Simple Payback Period by Price Structure and 

Climate Zone 

An important consideration for building owners when 

sizing and purchasing a BESS is payback period. Simple 

payback may be calculated as follows (Akter, Mahmud, 

& Oo, 2017): 

𝐹𝑏𝑎𝑡𝑡 ∙ max(𝐸𝑏𝑎𝑠𝑒) ∙ 𝐶𝑏𝑎𝑡𝑡

𝐶𝑏𝑎𝑠𝑒 − 𝐶𝐵2𝐵

 (11) 

where 𝐶𝑏𝑎𝑡𝑡  is the cost of the battery in dollars per 

kilowatt-hour of rated capacity, 𝐸𝑏𝑎𝑠𝑒  is the annual 

baseline energy use in kilowatt-hours, and 𝐶𝑏𝑎𝑠𝑒 and 𝐶𝐵2𝐵 

are the total annual energy costs for baseline use and using 

B2B control, respectively. In words, the simple payback 

period (in years) is equal to the total cost of the BESS (in 

dollars) divided by the total annual cost reduction (in 

dollars per year). For this study, a cost of $290 per kWh 

of capacity was assumed, as in (McLaren, Andersen, 

Laws, Gagnon, DiOrio, & Li, 2018). This cost represents 

the total installed cost of storage, including hardware, 

engineering, labor, and operation and maintenance, 

assuming a twenty-year battery lifetime. This is 

comparable to current commercial-use BESS prices. 

The total cost of BESS and therefore simple payback 

period increases with the battery factor. The cost increases 

linearly, whereas the payback period may not. Therefore 

a building operator’s objective in sizing a BESS is to 

maximize the battery capacity and  minimize the payback 

period simultaneously. Figure 8 depicts this trade-off for 

Wilmington (tiered prices) and Charleston (TOU prices), 

both of which are located within climate zone 3. In the 

figure, each point on the plot is an average value over all 

16 building types.  

As can be seen in the figure, the costs of BESS for both 

cities are similar, ranging from about $2 000 to about    

$14 000. However, the simple payback period differs 

somewhat between the two cities. Building operators in 

Wilmington can expect an average simple payback period 

between 0.5 and 1 year, while their counterparts in 

Charleston can expect an average payback period of up to 

2 years. This implies that building operators who pay 

tiered electricity rates can expect to benefit slightly more 

quickly from investing in a BESS.  

Figure 8: Simple payback for city with tiered rates (top) 

and TOU rates (bottom). 

The optimal payback period can be defined as the point 

where the two curves intersect after being normalized to 

fall within zero and one.  Because the battery factors and 

hence the average payback years are discrete values, the 

optimal payback value can be interpreted as that value 

where the normalized values of battery cost and average 

payback period are closest to each other. In the case of the 

two cities in Figure 8, the optimal payback for 

Wilmington is 0.75 years (at a battery factor of 50%) and 

the optimal payback for Charleston is approximately 1.5 

years (also at a battery factor of 50%). Figure 9 compiles 

all of the average optimal values for simple payback 

period for all cities. Diamonds containing black circles 

indicate a city with TOU pricing.  

Figure 9: Optimal average payback period by city. 
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As can be seen in the figure, the vast majority of cities (69 

out of the 80) display an optimal average payback period 

of under ten years. Out of the eleven cities with optimal 

values greater than ten years, only three are cities with 

TOU pricing – one each in climate zones 2, 4, and 6. This 

supports the conclusion from Figure 8, that cities with 

TOU pricing can expect better average payback periods 

than those with tiered rates, in general. The general spread 

of the plot also indicates that climate does not have a 

significant impact on the optimal payback period, 

although a very slight general downward trend can be 

observed in the plot as the climate goes from hot to cold. 

Simple Payback Period by Price Structure and 

Building 

 Figure 10 displays the simple payback period by building 

for Wilmington (tiered rates) and Charleston (TOU rates), 

both located within climate zone 3. Each point represents 

a single simulation run; therefore there are five points for 

each building representing the five battery factors.  

In Wilmington, all buildings can expect average BESS 

payback periods of under two years for any size BESS. In 

Charleston, all building types can expect payback periods 

of under four years for any size BESS. The small office 

and strip mall retail center can expect payback periods of 

up to three years with the largest sized BESS. While it is 

outside the scope of this work, it is reasonable to expect 

that using a larger BESS size would further decrease the 

expected payback period. However, as that would also 

increase the total cost of the BESS, further analysis would 

be required to determine the best course of action for those 

building types in a TOU rate scheme. This result is to be 

expected, given the spread of optimal values in Figure 9. 

Conclusion 

This study has investigated the savings potential of 

building-integrated battery energy storage systems for 80 

cities across the US, within 8 ASHRAE climate zones 

ranging from very hot to subarctic, for all 16 DOE 

commercial reference building types, for multiple 

different electricity price schema, and for a wide array of 

relative battery sizes ranging from 10 to 50 percent of 

peak energy usage. We found that there is a huge potential 

for savings, up to 45% demand cost reduction (mean 

value of 12%) and up to 40% total cost reduction (mean 

value of 10%), depending on the climate, electricity rates, 

and building type. 

In general, cities in colder climates can expect greater 

reductions in terms of percentage of baseline values, 

although not necessarily for absolute reductions. 

Additionally, building operators who pay time-of-use 

rates for electricity may expect a much greater percentage 

reduction in demand cost and a much shorter BESS 

payback period than those who pay tiered electricity rates. 

The potential for cost savings is greatest for building 

operators who pay demand charges, as BESS is especially 

suited for peak-shaving and reducing billing demand. 

Future extensions of this work will include integrated 

model predictive control of buildings and battery, more 

extensive and detailed electricity price application, and 

integration of PVs. 
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Figure 10: Simple payback by building – tiered rates (top) and TOU rates (bottom). 
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Abstract

The Kinetic Battery Model is an elaborated model to
mimic the behavior of electro-chemical batteries. It
assumes two ”wells” inside a battery. One pretends
to hold the available, the other the bound energy.
Once the available energy well is empty or charged,
energy has to be delivered from/to the bound energy
well (Manwell and McGowan (1993). This model was
extended by Manwell and McGowan (1994) to calcu-
late the voltage. Determining the needed parameter
is a complicated process, as it must be done for each
battery by measuring at least two discharging curves
and with a parameter fitting. A different model to
simulate the battery behavior is the Peukert Model.
There, the discharging behavior of a battery is based
on a factor which is dependent on two discharging
times and its corresponding capacity Peukert (1897).
This data is normally available through manufactur-
ers data sheets. This paper suggests a method to
use Peukert’s law to determine the needed parame-
ters from available data sheets and use them to en-
hance the existing Kinetic Battery Model in adequate
accuracy.
Results show, that the average deviation of the simu-
lated voltage over the curves given by the data sheets,
is 0.25 Volts on average. This can be concluded to
be of adequate accuracy for most building simulation
applications. Further, the variable load reduces the
solar coverage rate of a building simulation example
by around 6% points.

Introduction

Most appliances in building and home automation
systems count the charged and discharged ampere
hours to determine the state of charge and state of
health of a connected battery. The open circuit volt-
age of the battery is used as a corrective value, or
in case a load is directly connected to the battery.
It is crucial to have a battery model which can de-
termine the voltage when developing and simulating
these systems.
The variable capacity, which is dependent on the ap-
plied load, is of special interest. Simulating house-

hold applications with high connected loads need to
include this variations in currently available capac-
ity. Quick charging of an electric car by a household
battery system or operating a compressor driven air
conditioner are typical applications where high loads
are charged from the households electricity connec-
tion. The capacity drain must be included when sim-
ulating these cases as otherwise no concrete results
for the needed overall battery capacity or its lifetime
can be given.
Different battery models exist and can be used to sim-
ulate these household applications. In 2008, Jonger-
den et al. compared the performance and appli-
cability of various battery models in their paper.
There, they analyzed the performance of the Dual-
foil software, the models of Electrical Circuits, Peuk-
ert, Rakhmatov, Kinetic Batteries, Chiasserini and
Stochastic Kinetic Batteries. Due to its accuracy,
they classify the Dualfoil software as the reference
model to check the performance of other models. The
accuracy of the implemented model in the Dualfoil
software comes with high computational efforts. Fur-
ther, it is said about the KiBaM that it ”... de-
scribes the battery in a more intuitive manner. The
differential equations give a clear insight on how the
battery behavior is modeled. This makes the KiBaM
preferable over the model by Rakhmatov. [...] How-
ever, the KiBaM is designed to model a lead-acid bat-
tery, which is not used in wireless devices and has a
more linear discharge behavior than the modern bat-
teries” (Jongerden and R. Haverkort (2008, p. 14f)).
The use-case of this paper is building energy sup-
ply simulations. Within these cases, lead acid bat-
teries are still widely used. They are used in large
scale application because of their low production costs
and wide availability. However, the KiBaM can be
parameterized to work with Li-ion batteries as well
(Wolf (2018)). The extension of the KiBaM can com-
pute the terminal voltage (Manwell and McGowan
(1994, p. 285, Equation 11)). This research suggests
a method to obtain these parameters, for calculating
the voltage, Ucur, current, Icur and a load dependent
capacity Ecur from manufacturers data sheets alone.
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Methodology

Comparison to classic KiBaM

The battery model, which is presented in this paper,
is based on the Kinetic Battery Model (KiBaM). This
was introduced by Manwell et al. in 1993. It de-
scribes an electro-chemical battery with two energy
wells. One pretends to hold the so-called available
energy, the other the so-called bound energy. It is ca-
pable to calculate a variable battery capacity which
is caused by a varying load Iload. The state of charge
(SOC) and the voltage can be calculated with the
first extension of the model (Manwell and McGowan
(1994)).
The scheme in Figure 1 shows the model, which is
based on the original KiBaM. Eava is the available
energy and Ebou is the bound energy. Both are sep-
arated by a conjunction with a fixed constriction k.
The factor c is the ratio between Eava and Ebou. Sim-
ulation software, like Polysun offer tables with values
of k and c. Unfortunately, these values are equal
for a broad range of included batteries (vela solaris
(2018)). The current overall stored energy inside a
battery Ebat is the sum of available and bound en-
ergy.

Ebat = EAva + EBou (1)

The available and bound energy can be calculated
with the height h and the width c of each well.

Eava = h1 ∗ c (2)

Ebou = h2 ∗ (1 − c) (3)

Enom is the nominal rated capacity at a 0.05C dis-
charge rate. This is the battery’s capacity C20 when
it is discharged over a time of 20 hours. The bat-
teries capacity can increase beyond its rated capacity
if it is discharged at small currents of Iload. Many
data sheets contain the C100 capacity at a discharge
rate 0.0025C, meaning a full discharge over 100 hours.
This can be assumed to be the maximum battery ca-
pacity Emax. In contrast, the classic KiBaM by Man-
well et al. suggests to use the nominal capacity Enom

as the maximum capacity Emax.

Figure 1: Applied kinetic battery model, based on
Manwell and McGowan (1993, p. 400).

The main difference of the original KiBaM by Man-
well et al. (1993) to the implemented model is a
power based approach of the model in this research.
The original KiBaM takes the discharging current
Idischarge as a boundary condition. In contrast, this
research is oriented towards the connected power.

Pnet is the resulting power, which is applied to the
battery as a result of all charging and discharging
loads. It is calculated by Equation 4. A positive Pnet

is charging the battery and a negative discharging it.
The battery is discharged, if a load greater than a
simultaneously applied charging power is applied to
the battery.

Pnet = Pcharge − Pload (4)

Furthermore, the charging process is modeled in ac-
cordance with Wolf (2018, p. 36). It limits the charg-
ing power at a state of charges close to SOC = 1. The
actual state of charge SOC is defined by the following
equation.

SOC =
Ebat

Enom
(5)

Charging and discharging loads are only applied to
the available energy Eava. The change of stored avail-
able energy is calculated with Equation 6. The equal-
ization with the bound energy Ebou happens through
the constriction k and can be calculated by Equa-
tion 7. Normally, the variable capacity is modeled
through the available energy Eava: once it is empty,
the battery is empty. However, this implies an ac-
curate knowledge of k and c, which is not given in
current available data sets. Previous simulation trials
showed that the given parameters resulted in wrong
battery capacities. Hence, these factors need to be
determined by discharging trials and at least for each
battery system. Alternatively, this paper suggest a
variable capacity, which is applied through an addi-
tional capacity factor CF to the discharging load.

dEava

dt
= Pcharge,eff − CF ∗ Pload,ava

+ k ∗ (h2 − h1) (6)

dEbou

dt
= −k ∗ (h2 − h1) − CF ∗ Pload,bou (7)

Charging battery

Pcharge,eff is the effectively resulting charging load.
It is always positive and is calculated by the resulting
load Pnet and the charge efficiency ηcharge of a bat-
tery. It is limited by a maximum charge rate factor
amcr. This factor limits the charging rate at SOCs
near Enom. Furthermore, it is limited by the maxi-
mum charging power of a battery Pcharge,max

lim
P→Pcharge,max

f(Pcharge,eff ) = Pnet ∗ ηcharge (8)

Pcharge,max = amcr ∗ (Enom − Ebat)
(9)

Discharging battery

CF is a discharging factor, which represents the bat-
tery’s capacity at an applied discharge rate. It is
based on the nominal capacity Enom and the current
total capacity Ecur. It is applied to the resulting loads
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Pload,ava and Pload,bou. It is defined by the following
equation.

CF =
Enom

Ecur
(10)

The current total capacity Ecur is calculated with
Equation 11. There, the nominal discharge dura-
tion tload,nom, 20 hours, the corresponding nominal
load Enom, the actual applied load Pload,eff and the
Peukert coefficient p are needed. This coefficient was
developed by Peukert (1897). It describes the con-
nection between two discharging curves of a battery
and the varying overall battery capacity at various
connected discharging loads and is valid between dis-
charging rates 0.0025C < Pload,eff < 0.5C. It can be
calculated with Equation 12. Here, the nominal dis-
charge time tload,nom and charge quantity Chargnom
are required. Besides, a second discharging time t2
and its corresponding charge quantity Charge2 are
needed. These data can be gained by measured dis-
charging curves and are usually provided in data
sheets as well.

Ecur =

(
Chargenom

tload,nom ∗ Pload,eff/Ucur

)p

(11)

∗ Ucur ∗ tload,nom ∗ Pload,eff

p =
log

(
t2

tload,nom

)
log

(
Chargenom

tload,nom

)
− log

(
Charge2

t2

) (12)

The loads Pload,ava and Pload,bou are combined the ef-
fective discharging load Pload,eff (see Equation 13).
The load on the available energy Pload,ava is the re-
sulting load Pnet divided by the battery’s discharging
efficiency ηload. It is calculated by Equation 14 and
becomes zero as soon, as the available Energy Eava

becomes zero. The resulting load on the bound en-
ergy Pload,bou is the resulting difference between Pnet

and Pload,ava. Furthermore, standby losses due to
self discharge are applied in this term. The discharg-
ing factor fdis, gained by manufacturer data sheets,
is multiplied with the current energy content of the
battery Ebat.
The maximum discharging power Pload,max is deter-
mined by each battery manufacturer and stated in
data sheets as well. It limits each load. No load above
this limit can be applied without damaging the bat-
tery immediately. Exceeding the maximum applied
load must be prevented, as this damaging process is
not part of the Kinetic Battery Model.

lim
Pload→Pmax

f(Pload,eff ) = Pload,ava + Pload,bou (13)

lim
Eava→0

f(Pload,ava) =
Pnet

ηload
(14)

lim
SOC→SOCmin

f(Pbou,ava) =
Pnet

ηload
− Pload,ava

+ fdis ∗ Ebat (15)

Voltage model

Jongerson et al. (2008) summarize the extended ki-
netic battery model. This model was created by Man-
well et al. (1994). It calculates the current voltage
Ucur of a battery based on its voltage at SOC = 1,
U0 an applied load Iload,cur, the internal resistance of
the battery Rint and multiple parameters and vari-
ables which are dependent on each individual bat-
tery A,C,D, and X. The calculation is described by
Equation 16.

Ucur = U0 − Iload,cur ∗Rint +A ∗X +
C ∗X
D −X

(16)

The initial terminal voltage of a fully charged bat-
tery U0 is given my manufactures or can be mea-
sured. It is approximately 6% higher than the nomi-
nal voltage Unom. The initial voltage drop while ap-
plying a load to the battery is described by the term
−Iload,cur ∗ Rint. High discharging currents result in
high initial voltage drops. Jongerson et al. (2008)
describes the parameter A,C,D, and X as: ”... E0
[here: U0] is the internal battery voltage of the fully
charged battery, A is a parameter reflecting the initial
linear variation of the internal battery voltage with the
state of charge, C and D are parameters reflecting
the decrease of the battery voltage when the battery
is progressively discharged, and X is the normalized
charge removed from the battery. These parameters
can be obtained from discharge data. At least 3 sets
of constant discharge data are needed for the non-
linear least square curve fitting,...”(Jongerden and R.
Haverkort, 2008, p. 9). The measuring process of dis-
charging batteries under various loads takes at least
20 hours to gain one measurement trial for the nomi-
nal battery capacity of an individual battery. Jonger-
son et al. (2008) suggest to run at least three mea-
surement trials per battery. Gaining discharge curves
for a general type of battery requires multiple mea-
surement campaigns with many structurally identi-
cal batteries. Furthermore, it requires the needed
equipment to discharge batteries under constant and
high currents. Especially, in the early design stage
of a building, the time to analyze single components
like batteries is scarce. It is time crucial to calculate
reliable results to determine fitting building supply
technologies to continue with the building planning
process. Hence, the battery characteristics and per-
formance should be determined with easily available
values, as gained from data sheets. Hence, the deter-
mination of the parameters A,C,D, and X is simpli-
fied.
Jongerden et al. (2008) A describes the initial linear
voltage drop. It can be determined by the slope of
the voltage drop between SOC = 1.0 to ≈ 0.5. C.
The parameter to model the slope near a SOC = 0
is C. It is the slope of the discharge curve between
SOC ≈ 0.2 and SOC ≈ 0.0.
D is part of the denominator in Equation 16. It
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always has to be greater than the parameter X.
Thereby, its minimum value has to be the termi-
nal voltage of a fully charged battery U0. X is de-
scribed by Jongerden et al. (2008) as a removed
charge, meaning it is dependent on the current state
of charge. Equations 17 and 18 show the simplified
determination of D and X.

D = Ucur ≈ Unom ∗ 1.06 (17)

X = Unom ∗ (1 − SOCcur) (18)

The resulting battery currents Inet, Icharge,eff ,
Iload,eff , and Ibat can be calculated with the corre-
sponding powers and the battery voltage, which was
calculated by Equation 16. Inet (Equation 19 is the
overall electric current that is charging or discharging
the battery. It is positive for charging and negative
for discharging processes. Icharge,eff (Equation 20)
is the resulting current charged to the battery, based
on the charge effectiveness and the applied charging
power to the battery. Iload,eff (Equation 21) is the
equivalent to the discharging process. Icur (Equation
22) is the real overall resulting current to or from the
battery based on the charging and discharging effi-
ciency of a battery.

Inet = Pnet/Ucur (19)

Icharge,eff = Pchare,eff/Ucur (20)

Iload,eff = Pload,eff/Ucur (21)

Icur = Icharge,eff − Iload,eff (22)

Modeling

The electric storage model consist of a model of an
electro-chemical battery storage and the possibility
to exchange electricity with a connected grid. All
processes are programmed into an existing battery
model. This model is based on a simplified battery
model of the BuildingSystems library, written in Mod-
elica (Nytsch-Geusen et al., 2016). The model calcu-
lates the state of a battery based on charging and
discharging powers. The electro-chemical charging
and discharging process is extended by modifying the
Kinetic Batter Model as previously described. The
inputs and sources are shown as an overview in the
following Figure 2. There, inputs, processes, and out-
puts of the electric storage model are given as an
overview.
The battery is defined by manufacturer data sheets.
They are entered as records and can be selected
within the model. The record defines all needed and
battery type dependent parameters, which are needed
for the simulation. Furthermore, the battery needs a
connected charging and discharging source, Pcharge

and Pload. Both values can be zero but need to be
connected to a valid electricity source/sink.
The grid connection is modeled into the battery
model. Electricity from a grid is automatically sup-
plied to an occurring electricity demand if the SOC

falls below the given minimum charge level SOCmin

and while Pnet < 0. The accumulated charged, dis-
charged and electricity taken from the grid is calcu-
lated through the model as well.

Figure 2: Graphical representation in Modelica.

Parameter acquisition

Various parameters, determined by data sheets, are
needed for the simulation. The BuildingSystems li-
brary already contains some battery data sets. For
the purpose of this research, the data records are ex-
tended with a small and a medium scale lead acid
battery. The small scale battery is a Long WP7.2-
12 battery with a nominal capacity of Chargenom =
7.2Ah ≡ Enom = 86.4Wh at 12V (Long Batter-
ies (2018)). The medium scale battery is a Chlo-
ride CLH 12-200 battery with a nominal capacity of
Chargenom = 200Ah ≡ Enom2400Wh at 12V (n.d.
(2018)). The parameters of each record set are shown
in Figure 2. The corresponding values of each battery
are given in Table 1.
The nominal voltage Unom is directly stated on the
battery’s name plates. The nominal capacity Enom in
J can be obtained by combining the stated nominal
capacity with the nominal voltage.
The minimum state of charges SOCmin limits the
lower discharge limit of the battery. Any further oc-
curring load has to be satisfied by other sourced, e.g.
a connected PV field or electricity grid. The mini-
mum SOC can be gathered by cycle service life dia-
grams. The depth of discharge of each charging/dis-
charging cycle should be limited as this is the main
influencing factor. The battery should at least last
700 cycles in terms of building energy supply systems
with a connected PV field. In this case, the bat-
tery goes through a daily charging and discharging
cycle. Most probable, 700 cycles will be completed
in less than 2 years. The SOCmin is strongly depen-
dent on the battery type and should be limited to
SOCmin = 0.6 for flat plate grid lead acid batteries.
The rate c = 0.315, to determine the size of the avail-
able and bound energy well, Eava and Ebou, and the
constriction k = 1.24/s, to define the rate of en-
ergy exchange between both wells, are gained from
the Polysun-software database. They are similar for
each battery type like lead acid batteries. This ac-
counts as well for the charge and discharge efficiency,
ηcharge = ηload = 0.92736, of the battery. The Poly-
sun database contains the so called round trip effi-
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ciency. Its square root can be assumed to be the
charge and discharge efficiency.
The self discharge rate fdis = 1.27e−8/s resp. fdis =
1.65e−8/s is usually stated on battery data sheets.
Often it is given as ”Battery retention” (Long Bat-
teries (2018)), indicating a SOC after a certain time
period and under nominal storage condition, i.e., a
surrounding temperature of 25◦C.
The maximum charge and discharge capacities,
Pcharge,max and Pload,max are normally given in W .
Also, the internal resistance Rint is given in data
sheets. Their dimension is mainly dependent on the
battery type and its size but varies with its tempera-
ture.
The Peukert p coefficient can be calculated with
Equation 12 on page 3. Therefore, two capacities
and their corresponding discharging times are needed.
These values are given by most data sheets. The val-
ues for the newly implemented lead acid batteries are
plong = 1.08 resp. pchloride = 1.17
The maximum charge rate amcr defines how the bat-
tery is charged at high SOC. Normally, most types of
batteries can be charged to approximately 80% with
the maximum charging power Pcharge,max. After-
wards, the charging power should be reduced to pre-
vent damages to the battery. Real charge controllers
do this by limiting the maximum voltage. When this
voltage is reached, the charged current is gradually re-
duced to keep the voltage constant until a SOC = 1
is reached. The limit of Equation 8 on page 2 mimics
this behavior at amcr = 2.6e−4W/J .
Many data sheets contain discharge curves for vari-
ous discharge rates. This curves are needed to deter-
mine the parameters A and C. The determination for
both batteries is shown in Figure 3. For calculating
the parameters, the discharge curves for the nominal
capacity, C20, is chosen. This curve is highlighted in
both diagrams in Figure 3 in red.
A and C indicate the slope at the beginning and end
of discharging a battery. A represents the slope at
the beginning of a discharging process. The best re-
sults where obtained by determination of the slope in
voltage drop between a SOC from 1.0 to 0.5. This
area is highlighted in both diagrams in bright blue.
The area, marked in bright red, is used to determine
the parameter C. It corresponds to the slope between
a SOC of 0.2 to 0.05. The resulting slopes of both
batteries for both parameters are highlighted in blue.

Results

The graphs below compare the performance of the
modeled battery with the before stated parameters
(see Table 1) in comparison to the given discharge
curves of the manufacturers data sheets. The first
graph in Figure 5, page 7, shows the terminal voltage
during discharging processes of the small scale lead
acid battery Long WP7.2-12. The second graph in

Figure 3: Terminal voltage of two different batteries
over time at various discharging currents, C20-rate
in red, resulting slope parameter in blue.

Figure 6, page 7, shows discharging processes of the
Chloride CLH12-200 battery. Both graphs compare
the simulated voltage of the modeled battery UBat-
tery (highlighted in blue) versus the terminal voltage
given by manufacturers’ discharging curves. The solid
lines represent in each graph the discharging process
at a 1C-rate. This rate is equivalent to a constant
drawn current I in [A] which is equal to the nomi-
nal charge quantity Chargenom in [Ah]. The dashed
lines represent the discharge curves at a 0.1C-rate.
These curves represent a voltage drop over time at
a constant discharge current I which will discharge
the battery in 10 hours. Equivalent, the voltage drop
curves for the 0.05C-rate represent a discharging with
a constant voltage to fully discharge the battery in 20
hours. The resulting nominal charge quantity. The
corresponding curves are highlighted with filled cir-
cles.
Within all sets of comparative simulations, the root
mean square deviation, RMSD has been calculated
for the resulting difference in given and simulated
voltage drop. The average deviations of the simu-
lated and given Voltages are compared in Figure 4
for the 3 selected discharging rates.

The average deviation when fully discharging both
batteries with a 1C, 0.1C, or 0.05C-rate is 0.47V
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Table 1: Parameters in data record for two newly in-
troduced lead acid batteries.

Symbol Unit
Value of
WP7.2-12

Values of
CLH 12-200

Unom V 12 12
Enom J 311,040 8,640,000
SOCmin 0.6 0.6
c 0.315 0.315
k 1/s 1.24 1.24
ηcharge 0.92736 0.92736
ηload 0.92736 0.92736
fdis 1/s 1.27e-8 1.65e-8
Pload,max W 1296 8400
Pcharge,max W 25.9 336.0
Rint Ω 0.022 0.0027
p 1.08 1.17
amcr W/J 2.6e-4 2.6e-4
A -0.063 -0.064
C -0.218 -0.165

Figure 4: Comparison of RMSDs for both batteries
and for a depth of discharge of 100% and 80%.

(3.92% of Unom). The deviation at the 0.05C-rate
alone is 0.35V (2.92%). The difference can be dras-
tically reduced, when only calculating the deviation
for a DoD = 80%. This would reduce the average the
RMSD to 0.03V (0.25%).

Discussion

Accuracy of voltage model

Both simulated batteries show a good performance
when compared at the nominal discharge rate 0.05C,
as the parameters A and C have been calculated
based on the corresponding given discharge curves.
However, the improvements of the simulation results
in comparison to the 0.1C and 1C-rate are minor,
if the parameters are based on their given discharge
curves. The resulting deviation within the other
curves is, in these cases, tremendous.
Further, manufacturers suggest to limit the discharg-
ing of the batteries technically. Deep discharging
cycles decrease the overall number of battery cy-
cles drastically. Hence, it is suggested, to limit the
depth of discharge to a minimum state of charge of
SOCmin > 0.2. The resulting error of the CLH12-
200 battery is reduced to 0.13% of the nominal volt-
age Unom (RMSD = 0.015V). The other errors are

reduced as well to 0.21% (RMSD = 0.0254V), resp.
4.7% (RMSD = 0.566V). This effect occurs as well
when this limit is applied to the WP7.2-12 battery.
The resulting deviations correspond to an error in
current calculations of δI = 0.2 to 5%. This relative
error is for the terms of building simulation calcula-
tions acceptable.

Impact on building energy calculations

A standard load profile, SLP, for a 3 person Ger-
man household is used to evaluate the impact on the
performance of the new suggested model in build-
ing energy demand simulations. The simulation is
done with Modelica and adopts the PhotovoltaicSys-
tem which is included in the BuildingSystems library
(Nytsch-Geusen et al. (2016)). The model is pre-
sented in the following scheme in Figure 7. The
weather data of Berlin is used. Further, 20 PV mod-
ules TSM230PC05 with a peak power of 230W, a
southward orientation and a tilt angle of 30◦ are
installed. Chloride CLH 12-200 batteries are used
to store the electricity. The initial charge is at
SOCstart = 0.5.

The standard load profile for residential applications,
H0, is extended with an evening electric car charging
profile (Gobmaier and von Roon (2010)) for the whole
of July. The resulting load profile is shown for a full
week in Figure 8. This is done to show the impact on
the battery performance, which is especially visible
when high loads are applied to the battery. The re-
sulting load profile contains an evening peak of 4kW
at 7pm each working day of the week.

The overall electricity, which is gained by the solar
field, the electricity which is used from the grid and
the electricity demand by the SLP are counted to
calculate the solar coverage rate. The performance
of the whole system is compared with the use of the
previous simplified battery model (reference model)
and the model suggested in this research (extended
model). Therefore, only the battery model is changed.
This comparison is repeated for a varying number of
batteries from 1 to 20. This equals a variation of
Ebat = 2.4kWh to Ebat = 48kWh. The solar cover-
age rate, SCR, is calculated to evaluate the overall
performance of each system for the month of July.
The resulting SCRs are shown in the Figure 9. High-
lighted in blue are the SCRs of the reference system,
SCRref . The results in red indicate the SCRs of the
system with the extended model, SCRext.

The solar coverage rate increases in both simulation
trials from around 0.41 to 0.76. The maximum de-
viation between both systems is with 6 batteries.
There, the difference is 5.7 percentage points. The
performance of the extended model is always smaller
than of the reference system, except at simulations
with 19 or 20 batteries. This results are caused by
two reasons. The first is the limited accepted max-
imum charging power. With 6 batteries the maxi-
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Figure 5: Terminal voltage of simulation vs. data sheet during 1C, C10, and C20 discharging of Long WP7.2-12
battery.

Figure 6: Terminal voltage of simulation vs. data sheet during 1C, C10, and C20 discharging of Chloride
CLH12-200 battery.

mum charging power is Pcharge,max = 2, 016W . The
extended battery model accepts this charging power
only while its SOC is below 0.8. Afterwards, the
charging power drops and the battery needs a longer
time to be charged to SOC = 1.0. During this times,
an increased amount of electricity is supplied to a
connected grid and thereby not included in the SCR
calculation.
The second reason for the deviation is the variable
capacity. The batteries capacity is based on its C20-
discharge rate, which would be a discharging power
of Pload = 700W when using 6 CLH 12-200 batteries.
This is always the case when the electric car is charged
with a power of 4, 000W , which decreases the usable
battery capacity to 77.5% and results into a decreased
energy throughput of ∆Ethroughput = 31.6kWh only
for the month of July.

Sensitivity of building energy calculations

Finally, the Peukert coefficient is varied within a re-
alistic range to see its impact on the overall building
energy balance calculation. A coefficient of p = 1.0 is
used for an ideal battery and means that the capacity

Ecur does not vary with the applied load. The max-
imum for a lead acid battery would be at p = 1.4.
There, the capacity Ecur varies tremendously with
the applied power. Both limits are used to repeat the
simulation trials. The resulting ranges of the solar
coverage rates are plotted in red in Figure 10.

The range is growing for the first 6 trials and is the
biggest at a system with 6 batteries. The deviation
in the SCR is about 11.2 percentage points. The
underlying reasons is the variable battery capacity
that is dependent on the effective discharging power
Pload,eff and that varies the current capacity Ecur

according to the Peukert coefficient.

Conclusion and outlook

The presented extension of the Kinetic Battery Model
models the performance of a given battery more ac-
curate than the existing models while maintaining a
reasonable computational effort. The parameters for
the simulation input can be acquired through manu-
facturers data sheets and with the help of Peukert’s
law and don’t have to be gained through measure-
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Figure 7: Adopted Modelica model for simulation of
battery performance.

Figure 8: Load profile for a week with car charging in
the evening of each working day, based on (Gobmaier
and von Roon, 2010).

ments and square fitting optimization.
Using this extension enables to calculate the voltage
of a battery more easy and further increases the ac-
curacy of actual simulation models, especially when
performing time period simulations. Cases with high
applied loads, like fast charging an electric car, which
is connected to a household battery, does now include
a varying capacity of batteries. Current simulations
over estimate the performance of a household bat-
tery system, especially at reasonable sizes of a bat-
tery rack, i.e., seven 2.4kWh lead acid batteries. Ex-
tending the model will lead to bigger selected battery
capacities in these applications, which will finally re-
sult in a longer battery life time.
Further development of the battery model is currently
ongoing. Updates will include a process that recovers
reduced capacities. The overall capacity of the bat-
tery is decreased, as soon as a power is drawn which
is bigger than the C20 discharge power. This devia-
tion must be filled with additional supplied charging
energy. This energy would be recovered over time if
the battery is idle for multiple hours.
Additionally, a thermal dependency will be included.
This will vary the battery capacity based on its sur-

Figure 9: Comparison of Solar Coverage Rates for a
varying number of batteries and between both battery
models.

Figure 10: Deviation of SCR with a varied Peukert
coefficient between 1 < p < 1.4.

rounding temperature. Finally, a factor to describe
the deprivation over time due to charging and dis-
charging cycles will be implemented based on the dis-
charging amount of Eava.

References
Gobmaier, T. and S. von Roon (2010). Standardlast-

profile für kunden mit elektrostraßenfahrzeugen.

Jongerden, M. and B. R. Haverkort (2008). Battery
modeling.

Long Batteries (2018). Wp7.2-12: 12volt 7.2ah
reachargeble sealed lead acid battery: Datasheet.

Manwell, J. F. and J. G. McGowan (1993). Lead acid
battery storage model for hybrid energy systems.
Solar Energy 50 (5), 399–405.

Manwell, J. F. and J. G. McGowan (1994). Extension
of the kinetic battery model for wind/hybrid power
systems.

n.d. (2018). Clh 12-200 12v 200ah rechargable lead
acid battery: Chloride - the energy solution.

Nytsch-Geusen, C., C. Banhardt, A. Inderfurth.,
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Abbr. Meaning
A and C Factor for calculation of voltage [ ]
amcr Charging power limiting factor [W/J]
c Ratio between Eava and Ebou [ ]
C − rate Current for certain discharge time [A]
Chargenom Nominal charge quantity [Ah]
CF Discharge factor [ ]
D and X Factor for calculation of voltage [V]
Eava Available battery capacity [J]
Ebat Current energy in battery [J]
Ebou Bound battery capacity [J]
Ecur Battery capacity at current Pload,eff [J]
Enom Nominal total battery capacity [J]
ηcharge Charging efficiency [ ]
ηload Discharging efficiency [ ]
fdis Self discharging factor [%/s]
h1 potential of Eava [J]
h2 potential of Ebou [J]
Inet Resulting current from/to battery [A]
Icharge,eff Current stored inside battery [A]
Iload,eff Current taken from battery [A]
Icur Actual current [A]
k Constriction from Eava to Ebou [1/s]
KiBaM Kinetic Battery Model
p Peukert coefficient [ ]
Pcharge Applied charging power [W]
Pcharge,eff Effective charging power [W]
Pcharge,max Maximum allowed charging power [W]
Pload Applied discharing power [W]
Pload,ava Discharing power on Eava [W]
Pload,bou Discharing power on Ebou [W]
Pload,eff Effective discharing power [W]
Pload,max Max. allowed discharing power [W]
Pnet Resulting battery power [W]
Rint Internal battery resistance [Ω]
RMSD Root mean square deviation
SCRext Solar coverage rate of new system [ ]
SCRref Solar coverage rate of ref system [ ]
SLP Standard load profile
SOC State of charge [ ]
SOCcur Current state of charge [ ]
SOCmin Minimum state of charge [ ]
Ucur Actual battery voltage [V]
Unom Nominal battery voltage [V]
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Abstract 

This paper presents a simulation case study of an active 

thermal energy storage device with phase-change 

materials (PCM) for free-cooling purposes. The 

charging/discharging of the PCM, arranged in layers in a 

heat exchanger, is done through a controlled air stream 

passing through these layers. First, the effect of airflow 

rate on charging/discharging time is investigated. Then, 

different control strategies targeting reduction in peak 

demand and HVAC system sizing are evaluated. Results 

show that for the present case-study 14% reduction in 

energy consumption and 10% enhanced energy flexibility 

could be achieved using the PCM heat exchanger 

(PCM-HX) for free cooling.  

Introduction 

The role of buildings as flexible loads is becoming more 

important; they can act as energy generators, energy 

storage, or/and controllers of demand.  

In this regard, the Annex 67 of the IEA Energy in 

Buildings and Communities Programme (IEA-EBC) 

defined energy flexible buildings as those with “the 

ability to manage [their] demand and generation 

according to local climate conditions, user needs and grid 

requirements”. 

Increasing energy flexibility for the design of smart 

energy system and buildings is influenced by four 

important factors (Reynders 2015):  

 physical characteristics of the building 

 HVAC systems and storage equipment 

 adequate control systems and strategies 

 comfort requirements 

In this context, thermal energy storage (TES) along with 

appropriate control strategies is a key factor to increase 

the energy flexibility of a building by reducing the 

mismatch between supply and demand for heating or 

cooling (Zhu, Ma et al. 2009, Tabares-Velasco, 

Christensen et al. 2012, Klein, Herkel et al. 2017).  

PCM applications 

Zhu, Ma et al. (2009) presented an overview of research 

conducted on PCMs concerning their dynamic 

characteristics and energy performance in buildings. This 

overview classified the possible building applications of 

PCM into four categories: 

 

 free cooling 

 peak load shifting 

 active building systems 

 passive building systems 

In passive applications, PCMs are integrated into the 

building envelopes to increase the effective thermal 

storage capacity in order to better energy saving and 

temperature regulation. The main problem with 

incorporating PCMs in the building envelope is the 

difficulty of exchanging a high rate of heat between the 

air and the PCM. Passive ways for cooling may also not 

be as effective in extreme climate conditions. This is 

mainly because the outdoor ambient air temperature does 

not decrease sufficiently at night. Stetiu and Feustel 

(1998) found that for climates with relatively high 

ambient temperatures (above 17 °C) during the night, it 

would be beneficial to force the supply air along the 

storage surfaces to facilitate good heat exchange. 

On the other hand, active thermal energy storage systems 

with PCM using room air or outdoor air (or a mix of the 

two) can provide the following advantages: 

 flexibility in heat transfer area  

 steady conditions for charging/discharging energy  

 adjustment of the melting point of the PCM  

 integration with mechanical systems  

 applications in retrofit projects  

Free cooling 

Free cooling has been defined as “cool[ing] the building 

interior with or without minimum electricity usage”. 

(Givoni 1984, Santamouris and Asimakopoulos 1996, 

Szokolay 2012).  

In free cooling, a TES is used to store the “ambient cold” 

to be used later during hot daytime periods (Stritih 2003, 

Zalba, Marı́n et al. 2004). Thermal energy for free cooling 

can be stored by using: sensible heat storage, latent heat 

storage or the combination of both (Dincer and Rosen 

2002, Sharma, Tyagi et al. 2009). In this application, 

Latent Heat Thermal Energy Storage (LHTES) by PCMs 

is often preferred over other storage techniques due to its 

high energy storage density and isothermal storage 

process (Waqas and Din 2013). Cool air during the night 

is used to solidify the PCM and the accumulated cooling 

capacity is then extracted when required. For free cooling 

systems, PCMs have to be selected so that the cooled air 

temperature is within the range of human comfort, a zone 
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which can vary significantly according to a number of 

factor (Heier, Bales et al. 2015). 

Overview of the paper 

The present study investigates a free cooling system with 

active PCM heat exchanger (PCM-HX), in order to 

control the cooling load of an office space during summer. 

By shifting the peak load away from the peak hours of 

electrical demand using PCMs, the peak load may be 

“divided” throughout the day thus reducing the highest 

peaks and enhance energy flexibility. This system 

(PCM-HX) also allows full control of the process during 

the charging/ discharging of the PCM, thus optimizing the 

performance of the whole system. 

Active PCM-HX 

Geometry of thermal zone 

The test building is 4 m wide by 4 m long by 3.2 m high, 

and has no interior partitions. In this study, we are using 

the temperature capacitance multipliers approach for a 

typical office zone. Hong and Lee (2019) recommended 

using this multipliers approach to increase the zone air 

capacity equivalently to represent the effective storage 

capacity of the zone internal thermal mass. They 

recommend multiplier of 3 to 6 for lightly furnished 

offices, 6 to 10 for typical offices, and 10 to 15 for heavily 

furnished offices. According to this, we are using a 

capacitance multiplier of 10 to represent a typical office 

zone. The building has a double glazing window in the 

middle of its facade facing south (40% window-to-wall 

ratio (WWR)). The U-value of the window is 

1.2 W/ (m2K) and its transmittance is 0.8. The bottom 

opaque section of the facade is at 0.8 m, which is at the 

work plane height, as shown in Figure 1. Auxiliary 

mechanical cooling can be provided with a cooling coil 

inside the room (bottom right of Figure 2). 

 

Figure 1: Schematic of the office zone with PCM-HX 

General concept 

In the present study, the integration of an active PCM-HX 

for an office zone is investigated.  

The PCM-HX system is part of an insulated HVAC duct 

system (Figures 2a and 2b). A similar approach (though 

not identical) has been presented by Stathopoulos, El 

Mankibi et al. (2016). A circulation fan drives an airflow 

between the channels in order to charge/discharge the 

PCM. This circulation fan can be either ON or OFF (in 

other words, no operation at partial flowrates). If cooling 

is needed during on-peak hours: the fan is turned on and 

dampers are opened, in order to discharge the PCM-HX. 

Note that in this concept no cooling coil is used to lower 

the temperature of the PCM-HX. 

The following modes of operation are implemented for 

the PCM-HX: 

 Charging mode: The circulation fan is turned on to 

bring outside air through PCM-HX during night to 

charge the PCM (Figure 2a). In this mode of 

operation, dampers are close and there is no exchange 

between the plenum and the room air.  

 Discharging mode: The dampers are opened and 

circulation fan is turned on during hot day to 

discharge the PCM (Figure 2b). Therefore, the 

discharge mode enables full air exchange with the 

room during peak load hours. 

 Standby mode: In this mode, the fan is off and 

dampers are closed. In this mode of operation, there 

is no exchange between the plenum and the room air 

or outside air. 

 

a. PCM-HX in charging mode- during night 

 

b. PCM-HX in discharging mode – during day 

Figure 2: PCM-HX in isolated ceiling plenum (note: 

drawing not at scale) 

PCM-heat exchanger (PCM-HX) 

Figure 3 presents a schematic of the proposed PCM-HX. 

This device consists of an arrangement of PCM panels 

that allows an airflow to pass between them. The length,  

PCM - HX 

South 
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Figure 3. Schematic of PCM-HX. Isometric view (example with two PCM panels in series) 

width and thickness of each PCM panel are denoted by 

LPCM = 1.2 m, W = 1 m and tPCM = 5.2 mm respectively. 

Several PCM panels may be installed “in series” 

within the PCM-HX; e.g., if n PCM panels are used then: 

LHX = n×LPCM. For example, Fig. 3 shows two panels 

connected in series, with a total length LHX = 2LPCM. It 

should take into account, for practical application the 

length of the PCM-HX would be more than LHX, because 

there is threshold value to PCM panels connected in 

series. According to our investigation (Morovat 2019) 

increasing the length of the PCM-HX leads to higher 

power output and also higher air outlet temperature, but 

more time is required to charge/discharge the system. 

From a building operation standpoint, the 

charging/discharging time required is generally around 8 

h or less, although in some applications (such as solar) one 

day discharge time could be of interest. Taking this into 

account a PCM-HX length equal to 2.4 m (used in this 

paper) is close to the “optimum length” when a discharge 

time of 8 hours or less is required. Conversely, longer 

PCM-HX devices imply higher pressure drops through 

the system, and consequently increasing fan power 

required.  

This geometry is appropriate for applications with high 

energy storage density and only low temperature 

differences between air and PCM are available, such as in 

free-cooling applications. The simplicity of the proposed 

geometry makes this structure more adaptable to different 

configurations. The PCM used in this paper is DuPont 

EnergainTM. Table 1 provides an overview of 

thermo-physical properties of the PCM used in the present 

paper.  

Table 1. Properties of the PCM (Dermardiros 2015) 

Element Quantity 

Thickness (base case) 5.2 (mm) 

Density 850 (kg/m3) 

Average Specific Heat 3500 (kj/kg∙K) 

Peak Melting Temperature 22.3 (ºC) 

Latent Heat of Fusion 70000 (J/kg) 

Peak Freezing Temperature 17.8 (ºC) 

Melting range 20.8 – 24.5 °C 

Conductivity, solid 0.22 (W/m∙K) 

Conductivity, liquid 0.18 (W/m∙K) 

The melting point of the PCM plays an important role in 

the design of the storage unit (Arkar, Vidrih et al. 2007). 

For free cooling applications, PCMs should be selected in 

such a way that the cooled air temperature of the 

PCM-HX be within the range of defined comfort levels 

(Butala and Stritih 2009) which is between 23 ºC and 27 

ºC for summer season. Therefore, for free cooling 

systems, the melting temperature of the PCM should be 

between 19 ºC and 24 ºC (Butala and Stritih 2009). In a 

mechanically conditioned space, the best performance is 

achieved when PCM melting temperature is around (±2 

ºC) the setpoint temperatures of the room (Heier, Bales et 

al. 2015, Guarino, Athienitis et al. 2017). In view of these 

considerations, a PCM with melting temperature of 22.3 

ºC is used in this paper. Such a material is suitable for the 

cooling season and is commercially available. 

In addition, melting range of PCM defines the 

temperature that can be maintained in the room. 

Determination of the actual melting temperature range of 

PCM means to find the starting melting temperature at 

which PCM starts melting and the ending melting 

temperature at which the melting process is finished, as 

mentioned in table 1. In this study, the melting 

temperature range of the PCM is 20.8–24.5 °C. 

In this paper, the PCM-HX system has 2.4 m length, 

(corresponding to two PCM panels in series), and the 

analysis is limited to eight sheets of PCM. Figure 4 

provides a schematic of the PCM-HX with 6 air channels 

between layers. 

 

Figure 4. Schematic of PCM-HX with six air 

channels. 

According to our investigation (Morovat 2019), the 

charge/discharge time is inversely proportional to the 

number of channels. The single channel system would 

take more than 7 hours to discharge, and would not be 

useful for fast peak reduction measures. In contrast, a 6 

channel PCM-HX system provides faster and more easily 

controllable storage of heat/cool. Therefore, this 
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configuration is chosen for investigation of free cooling 

with the PCM-HX. 

Methodology 

An explicit finite difference formulation, implemented in 

Python 3.6, is used to numerically solve the heat transfer 

equations corresponding to the heat transfer phenomena 

in the office. Hed and Bellander (2006) presented a 

similar method to simulate a PCM air heat exchanger. In 

the present study, an enthalpy-temperature function for 

the PCM accounts for enthalpy changes during the phase 

change 

Governing equations 

Equation 1 is a finite-difference formulation of the heat 

balance equation in the office zone.  

 
1

( ) ( )

( )
( ) 0

t t t t t t

ij j i ik k i

j k

t t ti
i i i

U T T U T T

C T
T T Q

t



   

  


 
 (1) 

To assure numerical stability in the solution, the time step 

must be chosen according to the stability criterion defined 

in equation 2: 
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Equation 3 is the air control volume differential equation: 
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conv.back back air
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Equation 4 is solved to find the outlet air temperature. 

This information is used to calculate the equivalent heat 

source at the air channel control volume (Equation 5). 

 

conv PCM
air,outlet air,inlet

air p,air

conv PCM
surface

air p,air

exp( )

[1 exp( )]

h A
T T

m C

h A
T

m C


  




 (4) 

 
t

PCM air p,air air,outlet air,inlet( )t tQ m C T T   (5) 

Equation 6 calculates the extracted heat by an auxiliary 

mechanical cooling with proportional control (PI control). 
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where: 

kp, proportional gain of the controller, W/ºC 

ki, proportional gain of the controller, W/(ºC∙s) 

Equation 7 calculates energy consumption of the auxiliary 

cooling: 

 cooling

coolingQ
W

COP
  (7) 

In this study, the fan energy is considered, but it is shown 

to be negligible compared to the energy transferred into 

the PCM-HX system. The fan energy requirement was 

minimal since the panel surface is flat and smooth. 

Entrance and exit effects are taken into account while 

effects such as ducting and flow diverting/adding 

transitions are not considered. To estimate the required 

fan power, first, the friction losses are calculated. Losses 

through the system vary according to the Darcy-Weisbach 

equation (ASHRAE, 2009): 
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    (8) 

The Blasius relationship is developed for smooth pipes in 

turbulent range; it is often used due to its simplicity: 
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Additionally to friction losses, other miscellaneous losses 

due to the entrance and exit effect is considered: 
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The fan power required is: 

 tot
fan

fan
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  (11) 

Modelling of specific heat 

A continuous curve based on a skewed normal 

distribution requiring five parameters is used to obtain the 

effective heat capacity of the PCM as a function of 

temperature (Equation 8). This equivalent specific heat is 

then updated at every time step, and used as input into 

finite difference model. Kuznik, Virgone and Noel (2008) 

have characterized the material using the DSC method 

with a heating and cooling rate close to rates commonly 

found in buildings – 0.05 K∙min-1. 
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As can be seen from Figure 5, there is usually a shift 

between the peak temperature at which melting occurs 

and at which freezing occurs, which is called hysteresis. 

More details about the presented PCM-HX evaluation is 

presented in (Morovat 2019). 

 

 

Figure 5. Melting and freezing curve 
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Results 

Results of this paper are presented in two parts:  

(a)   Evaluation of the charging/discharging time of the 

PCM-HX. 

(b) Application of the free cooling with PCM-HX under 

different control strategies. 

Charging /discharging time 

A high temperature difference between PCM melting 

point and the incoming airflow facilitates freezing the 

PCM the charging process at night. If the temperature 

difference is small, high airflow rates are needed to 

solidify the PCM completely in the required period 

(Turnpenny, Etheridge et al. 2000, Yanbing, Yi et al. 

2003, Zalba, Marı́n et al. 2004, Saman, Bruno et al. 2005). 

In free cooling applications, the nighttime period that 

allows charging the PCM is rather short. Consequently, 

higher airflow rates can ensure the maximum charging of 

the PCM storage. For free cooling applications, it has 

been recommended that the charging process airflow rates 

be three to four times those used during discharge process 

(Arkar and Medved 2007, Arkar, Vidrih et al. 2007, 

Medved and Arkar 2008). Conversely, during the 

discharge process, lower flow rates are better than high 

flow rates to maintain the outlet air temperature within the 

defined comfort levels (Arkar, Vidrih et al. 2007).  

In this regard, the total mass flow rate considered is 600 

kg/h in charging (during night), and 250 kg/h in 

discharging (during hot day). Table 2 presents parameters 

for charging and discharging mode of operation. 

Table 2. List of parameters in charging and discharging  

Parameter 
Charging 

mode 

Discharging 

mode 

Total mass flow (kg/h) 600.0 250.0 

Average velocity (m/s) 1.5 0.5 

Air channel width (mm) 16.0 16.0 

Convection Coefficient 

(W/m2∙K) 
18.0 15.0 

Re number 3050.2 1270.9 

Figures 6 and 7 present the air outlet temperature, and 

PCM-HX charge/discharge heat flow in 24 hours period, 

respectively. 

 
Figure 6. Air outlet temperature for 

charging/discharging PCM-HX 

 
Figure 7. PCM-HX charge/discharge heat flow 

It can be seen from Figures 6 and 7 charging time (90% 

of total) is around 4 h, while discharging (90% of total) 

time is around 6 h. 

Previous work (Morovat 2019) showed that high flow 

rates provide a higher power output. However, low 

airflow rates discharge the PCM-HX more slowly. As a 

result, the average energy transfer over a 24 h period for 

the four airflow rates is approximately the same. 

Control strategies 

The appropriate application of control strategies in HVAC 

systems is a key factor to improve the energy efficiency 

of buildings (Tabares-Velasco, Christensen et al. 2012, 

Afroz, Shafiullah et al. 2017). The use of active thermal 

energy storage systems with PCM has not been widely 

adopted, mainly due to the lack of a proper integration 

into the building HVAC system. In this regard, proper 

integration, including suitable control strategies, has a 

significant impact on the performance of the system. In 

addition, if integrated with HVAC system design, the 

inclusion of the PCM-HX can be used to avoid the 

traditional oversizing of the HVAC equipment. Thus, 

both system operating and capital costs can be reduced in 

an effective manner. 

The following sections outline the results obtained from 

free cooling application of the PCM-HX into an office 

zone under three different scenarios toward achieving 

peak load and energy consumption reduction. 

 The effect of discharging PCM-HX stored energy in 

a zone with step setpoints. 

 The effect of using a linear ramp of room temperature 

setpoint.  

 The effect of discharging start time of the PCM-HX. 

Design day conditions for control studies 

Weather conditions similar to a summer day (Design Day) 

in Montreal are selected as the simulation scenario, since 

the demand load tends to peak under these conditions. 

Figure 8 presents the curves used to model outdoor 

temperature and solar flux on the south facade.  In this 

simulation scenario, it is assumed that the outside 

temperature follows a perfect sinusoidal curve, 

fluctuating between 15 ºC and 26 ºC. This curve was 

obtained from a simulation carried out using EnergyPlus  

with a Montreal weather file (Crawley, Lawrie et al. 

2000). 
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Figure 8. Outdoor temperature and solar flux 

Numerical experiment 

It was assumed that the PCM-HX was well insulated on 

all sides (i.e., adiabatic conditions). The initial conditions 

of the experiment were the following: 

 The initial temperature of the room, at t = 0, was set 

at 26°C everywhere.  

 It was assumed that the PCM-HX was “fully 

charged”: the material is fully solid and at a uniform 

temperature of 17 °C.  

 Air from the room is circulated through the PCM-HX 

whenever heat extraction is required. 

The simulation runs for a period of 24 h using the weather 

conditions presented in Figure 7. The simulation time step 

was set to 60 seconds (it was previously determined that 

the critical time step for a finite difference formulation 

was 87s, at least). A heat pump with COP = 3 is 

considered as the auxiliary cooling system. Capacity of 

the cooling system is assumed 3500W. The proportional 

gain of the controller (kP) is 4000 W/ ºC and the integral 

gain of the controller (ki) is 0.1 W/ºC∙s.  

Effect of discharge heat flow rate of the PCM-HX  

The setpoint temperature during daytime (between 6:00 to 

18:00) is assumed 24°C and during nighttime (between 

18:00 to 6:00), the set point is 26 °C. The charging mode 

of the PCM-HX device is from 2:00 to 5:00 (nighttime) 

and discharging mode is from 6:00 to 15:00 (daytime).  

In this section, two scenarios regarding effect of heat flow 

rate of the PCM-HX has been investigated:  

(1) Scenario #1: PCM-HX with laminar air stream 

through the air channels: airflow rate is 250 kg/h 

(Re= 1270.9, air velocity = 0.5, and hc = 10)  

(2) Scenario #2: PCM-HX with turbulent air stream 

through the air channels: airflow rate is 600 kg/h 

(Re= 3050.2, air velocity = 1.5, and hc = 18) 

In this study, the device charges when the outdoor 

temperature is around 15 °C, for better freezing of the 

PCM. Figure 9 presents a comparison of the results for the 

electric load, and Figure 10 shows temperature setpoint 

and room air temperature with and without PCM-HX. In 

the electric load, fan energy is considered. Based on 

equations 8 to 11, the pressure drop is 16 pa, and the 

energy used by the circulation fan is about 0.07 kWh per 

day, which is negligible compared to heat transferred to 

the PCM-HX (4.4 kWh per day). 

 

Figure 9. Auxiliary cooling power – different airflow 

through PCM-HX 

 

Figure 10. Temperature setpoint and room air 

temperature 

The results show that the free cooling with PCM-HX 

could reduce energy consumption by 14% from 7.6 kWh 

to 6.55 kWh. In peak load perspective, higher the airflow 

rate, leads to faster discharge of the PCM-HX, without 

significant effect on peak load during daytime (around 

1%). On the other hand, lower airflow rate causes smooth 

reduction in energy consumption during all hours of the 

day, and peak load reduction as well. In this case, peak 

load during hot daytime (2:30 P.M) reduces by 4%. 

Effect of discharging start times of the PCM-HX  

It is well known that a sudden setpoint transition –e.g. 

between a night setback and daytime setpoint– creates a 

spike in the peak demand. The effect of using ramps to 

pass from one set-point value to another has been 

investigated by (Braun and Lee 2006, Lee and Braun 

2008, Candanedo, Dehkordi et al. 2015), among others. 

Therefore, using linear ramp of room temperature set 

point could be an effective solution to reduce or shift the 

peak load. In this section, three more scenarios has been 

investigated: 

(1) Scenario #3: Two-hours linear ramp of temperature 

setpoint (from 4:00 to 6:00, and 18:00 to 20:00) 

(2) Scenario #4: Discharging PCM-HX from 09:00 A.M. 

(3) Scenario #5: Discharging PCM-HX from 13:00 P.M. 

Figure 11 provides a comparison between results for 

different discharging start times of the PCM-HX. 

________________________________________________________________________________________________ 

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

 
1681

 

 
  



 

Figure 11. Auxiliary cooling power – different 

discharging start times of PCM-HX 

It was found that, using a two-hour room temperature set 

point linear ramp, could shift peak load in an effective 

manner. Results show, for the case with discharging start 

time from 09:00, cooling power fluctuation increases by 

44 % compared to the reference case; while in the case 

with discharging start time from 13:00 cooling power 

fluctuation reduces by 24 % compared to the reference 

case.  

Energy flexibility 

Energy flexibility in buildings has been defined as “the 

possibility to deviate the electricity consumption of a 

building from the reference scenario at a specific point in 

time and during a certain time span” (Torres Ruilova 

2017). In this section, a flexibility factor has been 

calculated based on Equation (9).  

cooling cooling

cooling cooling

ADR

REF ADR

REF

q d q d

Flexibility factor
q d q d

t t

t t






 

 
 (9) 

where: 

 Flexibility factor = 0: the cooling use is similar in 

reference case and active demand response (ADR) 

case.  

 Flexibility factor = 1: no cooling is used in ADR case. 

 Flexibility factor = -1: no cooling is used in ref. case. 

Table 3 provides a comparison between reference case 

study (without PCM-HX) and case #5 (with PCM-HX and 

two-hour linear ramp). 

Table 3. Flexibility scenarios of the building   

Case study 
Ref. 

case 
Case #5 

Changes 

Relative to 

Ref. case 

Mean power load 

during daytime (W) 
629.17 370.90 

41 % 

reduction 

Cooling power 

fluctuation (W) – (7 

a.m. to 5 p.m.) 

410.22 312.15 
24 % 

reduction 

Energy 

consumption (kWh) 
7.6 6.55 

14 % 

reduction 

Flexibility factor (–) - 0.10 10 % increase 

The results presented in Table 3 shows that such a 

PCM-HX along with appropriate control strategies could 

provide flexibility to the grid, reduce mean power load 

during daytime and peak power demand, simultaneously. 

The simulation studies in this paper shows that airflow 

rate through air channels and discharging start times of 

the PCM-HX are two important factors toward achieving 

best performance of free cooling with PCM-HX. In a 

future work, the performance of the PCM-HX will be 

optimized for free-cooling applications by applying a 

model predictive control (MPC) method to determine 

optimal flow rates and discharging start times. 

Conclusion 

In this study, the integration of the proposed PCM-HX for 

free cooling in an office zone is evaluated along with the 

effect of enhanced control strategies. The potential of 

using PCM-HX with different number of air channels 

together with linear ramps is investigated. The main 

results are: 

 The PCM-TES is charged (90% of its capacity) in 4 h 

and discharged (90% of its capacity) in 6 h. Having 

multiple channels, different flow rates and different 

configurations, these discharging times can change to 

better match to load profile. 

 The combination of the two-hours linear ramp of 

temperature setpoint and PCM-HX can reduce 

energy consumption by 14% and achieve 4% peak 

load reduction (due to thermal load in daytime); 

 Appropriate air stream trough air channels and start 

discharge time of the PCM-HX are two important 

factors toward achieving optimum performance of 

free cooling with PCM-HX. Correct implementation 

of these factors can reduce electric load fluctuation  

by 24%;  

 Using PCM-HX for free cooling along with two hour 

ramp increase energy flexibility of the building by 

10%.  

Results shows that the use of active PCM-HX for free 

cooling applications along with appropriate control 

strategies could be an effective solution to have better 

energy flexibility in buildings, reduce the sizing of the 

HVAC unit at the design stage, and reduce energy bills, 

thus reducing both operation and initial capital costs.  
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Abstract 
An EnergyPlus object model for Unitary Thermal Storage 
Systems exists, but it is not currently available to 
OpenStudio (OS) for parametric analysis. This study 
presents an OS measure to apply UTSS to existing 
building models for the purpose of exploring design 
alternatives. Four metrics are proposed to quantitatively 
compare these systems: load shifting effectiveness, 
energy increase intensity, penalty ratio, and an effective 
COP for UTSS operation. Preliminary results show that 
applying the measure to retail and small office models, 
average annual site energy use increases relative to the 
shifted load by 17.3% and 16.3%, respectively. However, 
under example time-of-use utility rates, average annual 
energy bill savings of 8.0% for retail and 4.8% for small 
office are achieved with UTSS. 
Introduction 
The increased market penetration of distributed 
renewable energy generation poses several new 
challenges to the grid: (1) The intermittent nature of wind 
and solar power sources can lead to large, rapid variations 
in the electrical demand from the power grid throughout 
the day; (2) regions with large solar generation suffer 
from large end-of-day ramp requirements as residential 
loads increase coincidentally with sunset, creating the so 
called “Duck Curve” net demand profile. These two 
problems present a challenge to the growth of renewables 
in future energy generation portfolios. To combat these 
challenges, two approaches have been proposed: 
“fattening” and “flattening” the duck (Denholm et al., 
2015). The first addresses the power generation system, 
the second addresses the power demand. It is the second 
approach with which this study is concerned. 
One of several means to “flatten” the duck is to include 
building-level energy storage. The energy storage is 
charged during periods of excess renewable generation or 
during periods of low energy demand. It is then 
discharged during periods of high energy demand and low 
renewable generation-such as during the evening ramp.  
This study examines one possible means of energy 
storage: thermal energy storage (TES) using an ice 
storage device designed to integrate with existing, 
packaged direct-expansion air conditioners, called unitary 
thermal storage systems (UTSS) (AHRI, 2014). UTSS 
traditionally function by creating ice during cooler night-
time hours and discharging the ice in lieu of running the 

air-conditioner (AC) during the mid-day peak cooling 
hours. The design and performance of UTSS depend on 
many factors and their operational characteristics are 
described in the literature (Willis and Parsonnet, 2010). 
However, little has been published on the application of 
UTSS in building energy modelling. 
EnergyPlus includes three thermal storage models, two of 
which model centralized thermal systems. The third one, 
developed and added in 2013, models UTSS as a single 
coil object: Coil:Cooling:DX:SingleSpeed: 
ThermalStorage (Kung, et al., 2013). However, 
EnergyPlus uses a text-based input, and it primarily relies 
on graphical user interfaces (GUI) and OpenStudio 
Software Development Kit (SDK) for its broad use. 
Currently, OpenStudio does not include a component to 
make use of the EnergyPlus UTSS object. This has 
limited the performance analysis which has been 
conducted on UTSS to date. 
This project addresses this shortcoming by making the 
UTSS object available to OpenStudio users through a 
measure enabling rapid parametric analysis. Using the 
new OpenStudio measure, this project also presents 
several new quantification metrics to help evaluate UTSS 
compared to baseline AC systems.  
The purposes of this paper are four-fold: (1) present the 
OpenStudio measure used to model UTSS, (2) quantify 
the load shifting effectiveness of an example UTSS, (3) 
quantify the round-trip efficiency trade-offs of using 
UTSS compared to a standard rooftop AC unit, and (4) 
explore potential cost savings under two existing time-of-
use commercial electricity rates.  
Methods 
OpenStudio Measure 
The new OpenStudio measure for the EnergyPlus UTSS 
object (Coil:Cooling:DX:SingleSpeed:ThermalStorage) 
is called “Replace Cooling Coils with Packaged TES,” 
and operates on existing building models with heating, 
ventilation, and air-conditioning (HVAC) components 
that use AirLoop:HVAC or CoilSystem:Cooling 
EnergyPlus container objects.  
The measure inspects the current OpenStudio model and 
allows user selection of thermal zones to which it will 
apply. Users may input capacities for the AC unit and the 
ice storage tank or may use the EnergyPlus autosize 
routines. A simple operating schedule may be created 
directly with user inputs. Several pre-defined schedules 
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are also available for selection. The measure removes the 
original coil objects and adds all required performance 
curves, schedules, nodes, and Energy Management 
System (EMS) controllers. Figure 1 below shows the user 
input screen for an example small office model. 

 

 

 
Figure 1: User Inputs for OpenStudio UTSS Measure. 

This study uses publicly available performance curves for 
the UTSS, taken from the EnergyPlus 8.9 example file 
titled “RetailPackagedTESCoil.idf.” The curves were 
empirically developed using field test data (Kung, et al. 
2013). Performance curves are hardcoded in the measure 
but may be added or modified within the resource file 
(TESCurves.idf) to perform custom analysis. 
This study considers two different DOE prototype 
buildings, each modelled to meet ASHRAE 90.1-2013: 
stand-alone retail (2300 m2 / 24700 ft2) and small office 
(510 m2 / 5500 ft2). The building models are created using 
the OpenStudio “Create DOE Prototype Building” 
measure available on the Building Component Library. 
The HVAC systems in the small office models are slightly 
modified to ensure they use measure-compatible HVAC 
container objects. Both building types are analysed using 
typical meteorological year (TMY3) weather files for 
each climate zone as defined by ASHRAE Standard 169-
2013, shown in Table 1 below. Both building types are 
run in these 15 climate zones using a five-minute 
simulation timestep.  

Table 1: Climate Zones and Weather Locations. 
Climate Zone 

Number Description Weather File 
Location (TMY3) 

1A Very Hot-Humid Miami, FL 
2A Hot-Humid Houston, TX 
2B Hot-Dry Phoenix, AZ 
3A Warm-Humid Memphis, TN 
3B Warm-Dry El Paso, TX 
3C Warm-Marine San Francisco, CA 
4A Mixed-Humid Baltimore, MD 
4B Mixed-Dry Albuquerque, NM 
4C Mixed-Marine Salem, OR 
5A Cool-Humid Chicago, IL 
5B Cool-Dry Boise, ID 
6A Cold-Humid Burlington, VT 
6B Cold-Dry Helena, MT 
7A Very Cold Duluth, MN 
8B Subarctic Fairbanks, AK 

The building models also include a 1°C [1.8°F] 
thermostat hysteresis to more accurately capture the 
variations in power requirements of the building. This is 
accomplished by modifying the “ZoneControl: 
Thermostat” objects for each zone, setting the 
“Temperature Difference Between Cut-out And Setpoint 
[C]” field to a value of 1.0. This is added independently 
of the measure and is not required for measure 
functionality.  
UTSS Operating Strategy 
Typical implementation of TES systems includes multiple 
modes of operation depending on the weather, utility rates 
and load-shifting objectives. In this study the operating 
strategy is determined by analysing the daily cooling load 
in the baseline models and selecting the times of 
maximum cooling energy use as the TES discharge 
period, assuming a full storage system. Future work will 
look at optimizing the actual operation of the UTSS. The 
UTSS object model in EnergyPlus has six available 
modes of operation: 
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• Mode 0: System Off. All HVAC systems are off. 
• Mode 1: Cooling Only. All cooling is done by the AC 

unit. 
• Mode 2: Cooling and Charge. The UTSS is providing 

cooling to the building while also making ice 
(charging the system). 

• Mode 3: Cooling and Discharge. The UTSS is 
providing cooling by means of the AC and by melting 
ice (discharging the system). 

• Mode 4: Charge Only. The UTSS is fully dedicated to 
making ice (charging the system). No  cooling is 
supplied to the building. 

• Mode 5: Discharge Only. All cooling loads are met by 
melting ice (discharging the system). 

The OpenStudio UTSS measure works for all these 
modes; however, not all modes may be available for a 
specific commercial product. This study only uses modes 
1, 4, and 5 to characterize device performance in a general 
manner. 
For the general application of our proposed metrics, we 
select a four-hour ice discharge period of 14:00 to 18:00 
for all climate zones. This timeframe is not geographically 
optimized but ensure that the ice typically discharges 
during the hours of greatest cooling energy requirements. 
It also agrees with current marketing information on 
commercially available UTSS, which indicates that some 
devices are designed to provide cooling four- to six-hour 
periods (Ice Energy, 2018). For the retail model, the 
UTSS operates seven days a week. For the small office, 
the UTSS only operates Monday-Friday. An alternate, 
cost-focused strategy is employed for the financial 
comparisons at the end of this paper, where UTSS 
scheduling is tied to the utility pricing. 
For all models, ice charging is enabled during the cooling 
season from midnight to 7:00 a.m. This window allows 
sufficient time for ice tank recharge each day throughout 
the cooling season and coincides with typical off-peak 
electric rates. Additionally, ice charging is only enabled 
once the state-of-charge is lower than 70%. This helps 
maximize the use of the ice storage tank and reduce the 
number of compressor cycles for ice charging purposes. 
The minimum state-of-charge permitted in the ice tank is 
5% to maintain 0°C [32°F] tank temperature. 
Models are first simulated for all climate zones with the 
UTSS operating all year. After initial simulation and 
cooling load analysis, the operating seasons are uniquely 
set for each building type and climate zone (discussed in 
Results below).  
Load Shifting Effectiveness 
The primary purpose of UTSS is to shift electricity 
demand for cooling purposes out of a given time period. 
Therefore, the first metric of interest in assessing UTSS 
performance is a measure of load shifting effectiveness. 
Load shifting effectiveness is an aggregate cooling-
season metric that describes how much of the potentially-
shiftable load from the baseline case is shifted by the 
UTSS model. 

Prior to determining the device effectiveness, we 
determine the load shifting potential for each of our 
buildings and locations. This load shifting potential 
provides an initial indicator of the possible value of using 
thermal energy storage.  
Load shifting potential is defined as the total electricity 
used for cooling purposes (excluding supply fan energy) 
in a baseline case over a user-specified time period 
coincident with the proposed daily ice-discharge period 
for the storage model. It describes the upper limit of 
cooling electricity that can possibly be shifted from a 
given time period each day. This is similar to another 
paper that looked at potential cost savings for energy 
storage (Lanahan, et al, 2019).  In this study, the potential 
is a function of both the daily ice-discharge period and the 
locally-specified UTSS cooling season for each building 
and climate zone.  
The shifting effectiveness is then defined as the actual 
shifted load divided by the load shifting potential during 
the designated TES discharge period. 

 𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑆𝑆ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙 𝐿𝐿𝑙𝑙𝑙𝑙𝑙𝑙 [𝑘𝑘𝑘𝑘ℎ]
𝐿𝐿𝑙𝑙𝑙𝑙𝑙𝑙 𝑆𝑆ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑔𝑔 𝑃𝑃𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙 [𝑘𝑘𝑘𝑘ℎ]

 (1) 

This effectiveness term requires baseline and UTSS 
simulations for each building model and can be calculated 
on daily to annual timeframes.  
Round-Trip Efficiencies 
All energy storage systems incur an energy penalty due to 
round-trip inefficiencies. In the case of ice storage, this 
cost is primarily manifest in the heat transfer effectiveness 
between the ice storage and the refrigerant loop to the 
cooling coil. Additionally, the lower refrigerant 
temperatures required for making ice reduce the 
efficiency of the compressor when charging the ice 
storage tank. We characterize the UTSS performance on 
a site energy basis relative to a baseline AC system using 
three metrics: energy increase intensity (EII), penalty 
ratio (PR), and an effective coefficient of performance for 
UTSS operation (𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆).  
Ambient losses from the ice tank are small relative to 
building loads but do contribute to total system 
inefficiency. An estimated heat transfer coefficient of 
0.667 W/m2-K [0.1174 Btu/hr-ft2-°R] for the ice tank is 
used in the model. 
To minimize system losses (or inefficiencies) UTSS 
operation strategies typically take advantage of diurnal 
temperature changes by charging at night. The lower 
outdoor air temperatures help reduce the energy 
requirements from the compressor. In this study, the 
energy penalty is assessed by calculating the change in 
annual total electricity use when using the UTSS and be 
defined as a floor-area-normalized energy increase 
intensity: 

 𝐸𝐸𝐸𝐸𝐸𝐸 = (𝐸𝐸𝑖𝑖𝑖𝑖𝐸𝐸𝑔𝑔𝐸𝐸 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 − 𝐸𝐸𝑖𝑖𝑖𝑖𝐸𝐸𝑔𝑔𝐸𝐸 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) 
𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝐸𝐸 𝐴𝐴𝐸𝐸𝑖𝑖𝑙𝑙

  (2) 

where, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑋𝑋𝑋𝑋 is the total annual site energy of the 
building for the UTSS and baseline cases. This term is 
analogous to an Energy Use Intensity (EUI) but is 
calculated in reference to a baseline model.  
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A second efficiency metric for UTSS performance is the 
penalty ratio (PR). This value is defined by dividing the 
energy increase when using the UTSS by the amount of 
shifted load. Though it is possible under ideal conditions 
to obtain a negative penalty ratio (i.e. total energy 
consumption is reduced by employing the UTSS), 
typically this is not the case. The term is defined such that 
increasing positive values are less desirable.  

 𝐶𝐶𝑃𝑃 =  𝐸𝐸𝑖𝑖𝑖𝑖𝐸𝐸𝑔𝑔𝐸𝐸 𝐼𝐼𝑖𝑖𝐼𝐼𝐸𝐸𝑖𝑖𝑙𝑙𝑠𝑠𝑖𝑖 [𝑘𝑘𝑘𝑘ℎ]
𝑆𝑆ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙 𝐿𝐿𝑙𝑙𝑙𝑙𝑙𝑙 [𝑘𝑘𝑘𝑘ℎ]

 (3) 

The penalty ratio may be calculated over any analysis 
timeframe in which both a TES discharge and subsequent 
charge cycle are included. Daily or weekly PR values may 
be used to evaluate specific operating strategies, while 
annual PR values provide a broad measure of the system’s 
round-trip efficiency compared to the baseline AC unit.  
The third efficiency metric is an effective Coefficient of 
Performance (COP), calculated at each HVAC system 
timestep. These values measure coil performance only 
and do not include fan power. This metric is useful for 
informing detailed control strategies.  

 𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 =  � 1
𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶ℎ𝐵𝐵𝑎𝑎𝑎𝑎𝐵𝐵

+ 1
𝐶𝐶𝐶𝐶𝑃𝑃������𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷ℎ𝐵𝐵𝑎𝑎𝑎𝑎𝐵𝐵

�
[−1]

 (4) 

The COP for ice charging is calculated based on the rate 
of heat transfer into the tank divided by the electrical 
power used by the coil object: 

 𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖 = 𝐼𝐼𝐼𝐼𝑖𝑖 𝐶𝐶ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔 𝑅𝑅𝑙𝑙𝑖𝑖𝑖𝑖 [𝑘𝑘𝑘𝑘]
𝐶𝐶𝑙𝑙𝑖𝑖𝑙𝑙 𝑃𝑃𝑙𝑙𝑘𝑘𝑖𝑖𝐸𝐸 [𝑘𝑘𝑘𝑘]

  (5) 

This equation is applied at each simulation timestep when 
the ice tank is in charge mode (the middle of the night). 
During direct zone cooling, COP values are calculated 
according to a discharge formula: 

 𝐶𝐶𝐶𝐶𝐶𝐶 𝐷𝐷𝑖𝑖𝑠𝑠𝐼𝐼ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝐸𝐸 𝐴𝐴𝑖𝑖𝐸𝐸 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑔𝑔 𝑅𝑅𝑙𝑙𝑖𝑖𝑖𝑖 [𝑘𝑘𝑘𝑘]
𝐶𝐶𝑙𝑙𝑖𝑖𝑙𝑙 𝑃𝑃𝑙𝑙𝑘𝑘𝑖𝑖𝐸𝐸 [𝑘𝑘𝑘𝑘]

 (6) 

Equation 6 is used at every timestep when the ice tank is 
discharging; it is also used when the AC unit is providing 
direct zone cooling. Cooling and charging rates are 
calculated at the device to avoid including duct losses.   
The model uses performance curves that are a function of 
ambient temperature, flow fraction, and ice tank state-of-
charge (SOC). The publicly available performance curves 
do not include an SOC variation and generate a uniform 
ice discharge COP value of 63.6 during all discharge 
timesteps. However, actual system values will not be 
constant, especially as the ice tank approaches complete 
discharge. This necessitates the use of an average value, 
𝐶𝐶𝐶𝐶𝐶𝐶������𝐷𝐷𝑖𝑖𝑠𝑠𝐼𝐼ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖  in the 𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 calculation. This decouples 
the calculation from the discharge ambient conditions.  
UTSS performance during ice charging is only a function 
of ambient temperatures in the available curves. However, 
they do capture the efficiency penalty imposed on the 
compressor in order to achieve the lower evaporator 
temperature needed to make ice. 
These 𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 values can then be plotted at each 
timestep to visualize the device efficiency variations 
throughout the day. 

Financial Analysis 
Energy storage systems typically use more on-site energy 
than a system without storage. Thus, TES only makes 
economic sense when local utility rates sufficiently 
incentivize their use. Under high time-of-use (TOU) 
energy and/or demand charges, annual electricity bill 
savings can be achieved, yet this must be weighed against 
capital and maintenance costs of the system. This study 
uses two current TOU rates that apply to small/medium 
commercial customers and have variable energy and 
demand charges with peak TOU periods in the mid/late 
afternoon. Both rates also use seasonal variation, with 
high rates charged during summer months. 
The rates used are: (1) Salt River Project E-32 (SRP), 
taken from the greater Phoenix, Arizona area; and (2) the 
Pacific Gas and Electric (PG&E) E-19 rate which is 
available in much of central and northern California 
(Utility Rate Database, 2018). Figure 2 below illustrates 
the time variability of energy charges for each rate, and 
Figure 3 shows the time variability of the demand charges 
for summer season. Additional service fees are considered 
but not illustrated.  
For the financial analysis, alternate operating seasons and 
schedules are used that operate the ice storage only during 
the on-peak cooling seasons and times. For the SRP rate, 
the ice is discharged from 2-7 pm daily; under the PG&E 
rate, ice is discharged from 12-6 pm daily. Ice charge 
times remain midnight to 7 am. The operating season 
under both rates is from June 1 to October 31.  

 
Figure 2: Time-of-Use Energy Charges for Two 
Example Utility Rates During Summer Months. 

 
Figure 3: Time-of-Use Demand Charges for Two 
Example Utility Rates During Summer Months. 

Utility bill calculations are made using the U.S. National 
Renewable Energy Laboratory’s System Advisor Model 
(SAM) software and utility data files from the U.S. 
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Department of Energy’s Utility Rate Database at 
OpenEI.org.  
Results and Discussion 
UTSS Operating Seasons 
While a fixed ice discharge window of 14:00 to 18:00 is 
used for all models, the differing cooling seasons of each 
climate zone necessitate some UTSS schedule 
customization. We attempt to minimize the ice production 
during non-cooling months in order to avoid energy waste 
from unnecessarily maintaining the ice tank charge.  
The months of system operation (i.e. the UTSS cooling 
season) are determined based on the daily cooling energy 
use in the baseline models during our selected ice 
discharge period, 14:00-18:00. We arbitrarily select to 
begin using the ice storage when the daily cooling load 
during peak hours consistently exceeds 20% of the total 
peak load. Figure 4 illustrates the selection of UTSS 
cooling seasons for a stand-alone retail model in climate 
zone 3B: March 19th to October 27th.  

 
Figure 4: Daily Percent of Peak Period Electric Load 

Associated with Cooling, Retail, CZ 3B. 
Table 2 below summarizes the periods of operation 
selected for each climate zone and building type.  
Table 2: Seasonal UTSS Operating Periods by Building 

Type and Climate Zone. 
Zone Retail 

Schedule (# Days) 
Small Office 

Schedule (# Days) 
1A 01/01 - 12/31 (365) 01/01 - 12/31 (365) 
2A 01/27 - 12/22 (330) 02/20 - 12/07 (291) 
2B 02/18 - 11/28 (284) 02/22 - 11/20 (272) 
3A 03/22 - 10/30 (222) 04/16 - 10/29 (196) 
3B 03/19 - 10/27 (222) 04/17 - 10/17 (183) 
3C 05/23 - 10/05 (135) 05/31 - 09/14 (106) 
4A 03/26 - 10/16 (204) 05/08 - 10/01 (146) 
4B 03/30 - 10/10 (194) 05/13 - 10/05 (145) 
4C 04/16 - 09/29 (166) 05/02 - 09/28 (149) 
5A 04/12 - 09/27 (168) 04/15 - 09/27 (165) 
5B 04/04 - 10/03 (182) 05/02 - 10/02 (153) 
6A 05/21 - 09/26 (128) 04/19 - 09/14 (148) 
6B 05/20 - 09/18 (121) 06/13 - 09/14 (93) 
7A 05/15 - 09/16 (124) 05/16 - 08/31 (107) 
8B 06/01 - 08/25 (85) 06/19 - 08/10 (52) 

Load Shifting Effectiveness 

 
Figure 5: Normalized Total Cooling Site-Energy that 
May be Potentially Shifted Based on UTSS Operating 

Season and Ice Discharge Window, CZ 1A-8B. 
Figure 5 shows the load shifting potential for each 
building type and climate zone on a floor-area-normalized 
basis. For the default internal loads associated with the 
DOE prototypes used here, the stand-alone retail 
buildings require substantially more cooling relative to 
small offices and present a greater opportunity in general 
for cooling load shifting. Climate zones 1A-3B present 
strong potential for this modelled UTSS, while zones 3C 
and 8B indicate almost no benefit. 
In all cases, the load shifting effectiveness of the modelled 
UTSS was consistently 92%-93%, with no significant 
variation observed across building types and climate 
zones. This indicates that the system, from a technical 
standpoint, is effective at accomplishing its primary 
purpose.  
Efficiency Comparisons 
Both buildings in all climate zones generally exhibit an 
increase in energy use when employing the UTSS 
compared to the baseline system.  

 
Figure 6: Annual Energy Increase Intensities and 

Relative Annual Energy Increases Associated with UTSS 
Operation Compared to Baseline Models, CZ 1A-8B. 

Figure 6 depicts the EII for each building in all climate 
zones. The relative importance of occupancy schedules 
and total cooling load can be observed in the differences 
between the retail and small office models. In two climate 
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zones, 3C and 7A, the small office models with UTSS 
exhibited a very slight reduction of total electricity use; 
this is manifest as negative EII values. This figure also 
visually depicts the differing “penalties” of using a UTSS 
in various climate zones. Used with the load shift 
potential data in Figure 6, this can inform the decision to 
explore UTSS options during HVAC system design. 
Load shifting potentials and EII’s together provide a high-
level snapshot of the potential benefit of adding a UTSS 
and can be used to determine if detailed UTSS modelling 
should be explored for a given building. 
The penalty ratio provides a more useful aggregate metric 
to compare system performance across building types and 
climate zones. It can be calculated over any timespan that 
includes both an ice discharge and associated recharge 
cycle. Extremely large positive or negative values may be 
obtained whenever these two are temporally decoupled. 
Examples include: initial ice tank charge; the final day of 
UTSS usage in the season; any day in which the ice 
discharge failed to reach the 70% state-of-charge trigger; 
and the corresponding days when the ice storage was not 
full at the cycle start but was recharged fully. These 
instances occur frequently and appear when the Penalty 
Ratio is calculated on a daily basis. Calculating the PR on 
a weekly or monthly basis provides a more consistent 
depiction of system performance. 

 
Figure 7: Penalty Ratio and Total Shifted Load 
Calculated on a Weekly Basis, Retail, CZ 3B. 

Figure 7 shows the weekly PR variation for a retail 
building in climate zone 3B with its associated shifted 
load during the weeks-of-the-year of UTSS operation. 
Once the building’s cooling requirements become 
consistently large, around weeks 16-17 (end of April), the 
weekly PR values stabilize. This information may be used 
to further refine the UTSS operating schedule, to ensure 
that periods of minimal benefit and maximum penalty are 
avoided. On an annual basis, depicted in Figure 8 below, 
the PR provides a general snapshot of the round-trip 
efficiency of employing UTSS.  

 
Figure 8: Penalty Ratios Calculated on an Annual Basis 

for Both Building Types, CZ 1A-8B. 
No obvious correlations appear between PR and climate 
zone, though trends may be obscured by the selected 
operating schedules. Annual values range from 1.5% to 
42.5% (17.3% average) for the retail models and -6.5% to 
38.1% (16.3% average) for the small offices. The negative 
PR’s obtained for the small office models in CZ’s 3C and 
7A are due to the negative EII’s observed in Figure 6. 
Though this implies that energy use would be reduced 
from the base cases by adding a UTSS at these zones, both 
locations exhibit low load shifting potentials (Figure 5), 
which must also be considered when evaluating ice 
storage options.  
Penalty ratios provide an energy comparison between 
UTSS and a baseline AC unit. This study performed the 
calculation on a site energy basis in order to focus on 
device efficiency. However, additional benefits of storage 
associated with the grid and emissions can be captured by 
calculating this metric on a source energy basis, or by 
reformulating the ratio to include emissions factors.  

 
Figure 9: COP Comparison for July 9th-10th, Illustrating 

the Reduced Round-Trip Efficiency of the Modelled 
UTSS for these Conditions, Retail, CZ 3B. 

Figure 9 compares the COP calculated at every timestep 
of the AC unit operating for the baseline model with the 
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effective COP of the UTSS in a retail model for climate 
zone 3B over July 9th and 10th.  
The individual five-minute data points appear as smooth 
curves when zero values (between system cycles) are 
hidden. The baseline AC unit, shown in red, operates 
intermittently from 8 am to 7 pm, and forms a bucket 
corresponding to the times of hottest, most-humid 
ambient conditions. The blue indicates the calculated 
𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 values.  
Despite the ideal discharge time from an efficiency 
perspective, the effective COP of using the UTSS falls 
well below the average value for AC unit use during the 
discharge window. This is due to the penalties associated 
with having a lower evaporating temperature required to 
make ice. It also explains the typically positive results for 
penalty ratio discussed above. 
Plotting the 𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 against the baseline AC values is 
useful for examining the relative performance of the 
UTSS on a timestep basis. Such a comparison may be 
useful for performing control optimizations, especially 
over a moving horizon.  
Potential Financial Savings 
Despite the increased use of energy, the use of this UTSS 
results in annual utility bill savings for all buildings and 
climate zones, though those with negligible cooling loads 
(i.e. 8B) present minimal value. 
Figure 10 below show the floor-area normalized [$/m2] 
savings on the annual electricity bills for both buildings 
in each climate zone relative to the baseline models. 
Under both rates, for both models in all climate zones, 
savings are achieved.  

 
Figure 10: Floor-Area-Normalized Annual Energy Bill 

Savings Using PG&E and SRP Rates, CZ's 1A-8B. 
Under the SRP rate, which is characterized by higher 
TOU energy charges and lower demand charges 
compared to the PG&E rate, greater variation in cost 
savings is observed. The example retail building has 
annual savings between $0.32 and $2.14 per m2, while the 
example small office saves between $0.17 and $1.39 per 
m2. 
Under the PG&E rate, which is characterized by higher 
demand charges and lower TOU energy charges, the 

variation in cost savings across climate zones is less, 
though the overall magnitude is higher. The example 
retail building has annual savings between $0.64 and 
$2.58 per m2, while the example small office saves 
between $0.32 and $2.04 per m2.  

 
Figure 11: Relative Annual Energy Bill Savings Using 

PG&E and SRP Rates, CZ’s 1A-8B. 
Figure 11 shows the relative savings on the annual 
electricity bill for the UTSS models compared to their 
respective baselines for both utility rates. The average 
total electricity bill savings across all climate zones for 
the retail models is 8.0%, while small offices see an 
average decrease of 4.8%. These savings occur primarily 
due to reduced demand charges achieved by shifting the 
cooling load out of the peak periods. Table 3 below 
summarizes the percent reduction in annual demand 
charges for each building when the UTSS is used with 
both the SRP and PG&E rates.  
Table 3: Annual Percent Reduction in Demand Charges 

for Each Building Type Using Both Utility Rates. 
Zone  Retail [%] Small Office [%] 

SRP PGE SRP PGE 
1A 25.2 21.5 29.3 20.7 
2A 28.5 23.3 20.6 18.0 
2B 28.1 21.0 28.1 22.6 
3A 28.6 23.1 16.6 14.7 
3B 24.2 20.1 17.4 15.8 
3C 16.7 15.0 8.4 8.4 
4A 27.4 21.5 13.3 11.8 
4B 21.5 18.2 10.5 8.2 
4C 23.8 19.9 10.3 10.5 
5A 24.4 19.4 10.2 8.8 
5B 23.5 20.2 8.7 7.4 
6A 22.0 17.6 8.1 8.0 
6B 19.4 17.0 4.5 3.7 
7A 20.0 16.7 6.8 5.4 
8B 11.2 9.9 2.1 2.4 

In addition to effectively shifting cooling loads, UTSS 
may provide a financial advantage compared to a baseline 
case.  Under the TOU and variable demand charge rates 
analysed in this study, the UTSS does result in significant 
annual energy bill savings; however, this must be weighed 
against the original capital expenditure required for these 
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systems. Locations with negligible cooling loads do not 
appear promising for UTSS. 
Conclusion 
This paper presents a new OpenStudio measure that 
allows users to easily model a Unitary Thermal Storage 
System (UTSS) in OpenStudio or Parametric Analysis 
Tool. This measure is applied to two DOE Prototype 
Building types across 15 climate zones, and four UTSS 
performance metrics are presented: load shifting 
effectiveness, energy increase intensity, penalty ratio, and 
a timestep calculation of the effective COP for the UTSS.  
Preliminary results show this UTSS effectively shifts 
more than 92% of the cooling load from the periods of ice 
discharge but incurs some round-trip inefficiencies. These 
inefficiencies are captured on a high level with the energy 
increase intensity (EII) and penalty ratio (PR) 
calculations. EII’s ranging from 0.1 to 7.9 kWh per m2 for 
the example stand-alone retail models, and -0.1 to 3.6 per 
m2 for the example small office models are observed. 
Average annual PR’s for retail buildings range from 2% 
to 42% (17.3% average); for small offices, PR’s range 
from -0.5% to 38% (16.3% average). An effective COP 
for UTSS operation is proposed and compared to the COP 
values for AC unit operation. These values illustrate why 
the penalty ratio exists and can also inform predictive 
control strategies designed to optimize device efficiency. 
Finally, a brief financial analysis shows that an average 
annual electric bill savings of 8.0% for retail buildings 
and greater than 4.8% for small offices can be achieved 
by using the UTSS under example TOU electric rates.  
While round-trip efficiency metrics can inform 
scheduling optimization, they do not capture another 
potential benefit of UTSS: building integrated energy 
storage for on-site renewable energy generation. If used 
to store excess photovoltaic generation, the UTSS would 
likely be operating under adverse ambient conditions. 
Yet, if net metering is not permitted, or the utility is forced 
to curtail energy exports, UTSS may be an excellent 
option. This may be especially advantageous for any 
building with large end-of-day cooling loads.  
Future work in the area of ice thermal energy storage 
includes the optimization of controls to maximize the 
building load flexibility in the presence of grid-interactive 
control signals; comparison of UTSS with central 
chiller/ice-tank systems; and a study of how to effectively 
employ UTSS to store excess renewables.  
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Nomenclature 
• AC – Air Conditioner 
• 𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖 – Coefficient of Performance for UTSS 

Coil While Making Ice 
• 𝐶𝐶𝐶𝐶𝐶𝐶������ 𝐷𝐷𝑖𝑖𝑠𝑠𝐼𝐼ℎ𝑙𝑙𝐸𝐸𝑔𝑔𝑖𝑖  – Average UTSS coil COP While 

Melting Ice 
• 𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆 – Effective COP for UTSS Operation 
• CZ – Climate Zone 
• 𝐸𝐸𝐸𝐸𝐸𝐸 − Energy Increase Intensity 
• εload shift – Load Shifting Effectiveness 
• PR – Penalty Ratio 
• SOC – State of Charge for the UTSS Ice Storage Tank 
• TES – Thermal Energy Storage 
• UTSS – Unitary Thermal Storage System 
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Abstract 

A key lever to overcome the challenges in buildings sector 

related to today’s extensive utilization of fossils (e.g. 

global warming) is to integrate renewables (e.g. solar 

energy) into district heating systems. However, solar 

energy fluctuates based on seasonal and hourly patterns. 

This pinpoints the significance of seasonal thermal energy 

storage (STES) systems. This work investigates the 

numerical modeling of two STES (tank and pit). Since the 

groundwater existence can reduce the STES performance 

and, on the other hand, the STES has an influence on the 

groundwater, the paper examines the performance of an 

underground tank with existence of groundwater. 

Introduction 

District heating (DH) is often envisioned as a key option 

for efficient heat-supply in urbans and cities (Dahash, A. 

et al., 2019). Yet, the existing DH infrastructure is mostly 

fossils based, which contributes to the production of 

pollutant emissions. Therefore, there is a high desire to 

integrate renewables (RE) in this energy scheme in order 

to mitigate the emissions, maintain higher primary energy 

savings and lower the DH temperature resulting into a 

more sustainable system.  

Out of renewables, solar energy is often considered the 

most dominant source. As a result, research has been 

ongoing to address the exploitation of solar energy in 

heat-supply applications (e.g. DH systems) in order to 

reduce the deployment of fossils. In the recent years, the 

number of solar district heating (SDH) systems have been 

growing and its scale varies from small-scale systems (i.e. 

neighborhoods) to large-scale systems (e.g. cities) 

(Mazhar, A. R. et al., 2018). It is held that this type of DH 

assists in the transition from our current energy scheme to 

more sustainable scheme.  

Solar energy, however, fluctuates seasonally and daily as 

it is the case with most of RE. For instance, higher solar 

energy yield is observed in the summer season, whereas 

the higher heating demand (e.g. space heating and 

domestic hot water in residential applications) is noted in 

winter during which very low outdoor temperature are 

recorded (Allegrini, J. et al., 2015). Thus, one of the main 

challenges impeding the full transition to SDH systems is 

the intermittency in solar energy. Consequently, thermal 

energy storage systems found a prominent role in solar 

thermal applications since it bridges the gap between the 

solar availability in summer and the winter heating 

demand.  

Thermal energy storage (TES) is often underlined not 

only as a mature technology that addresses the 

redundancy of a RE-based energy system, but also as a 

key player in the transition phase to RE (Dahash, A. et al., 

2019). The goal of this large-scale technology is to store 

the solar heat captured in summer and use it later in winter 

when heat is demanded. Thereby, large-scale TES 

systems contribute significantly to the improvement of 

penetration of RE share and abatement of emissions 

(Dahash, A. et al., 2019).  

TES systems are not only limited to renewables-based 

applications. In contrast, they are also commonly 

deployed for combined heat and power (CHP) 

applications in order to smooth the operation and to 

provide higher flexibility.  

Large-scale TES systems require large available areas and 

they store energy for long timescales and, accordingly, the 

most promising types of seasonal thermal energy storage 

(STES) are placed satisfactorily under the ground, where 

the temperature varies less than that in the ambient. The 

most common types of STES are tank thermal energy 

storage (TTES), pit thermal energy storage (PTES), 

aquifer thermal energy storage (ATES) and borehole 

thermal energy storage (BTES) (Ochs F. , 2009).  

TES losses, in particular those of STES, are function of 

several parameters: storage temperature, storage surface 

area, storage time, storage type and thermal properties of 

the surroundings (especially the case of a soil with 

groundwater flow) (Dahash, A. et al., 2018).   

Further, thermal losses might have an impact on the 

ground/soil exposing them to an increase in the 

temperature. Thereby, the groundwater temperature 

gradually increases violating some given hydro- 

geological standards (i.e. maximum of 20°C to 25°C) as 

it is the case in some countries. Consequently, it is 

important to locate the STES properly, where no influence 

(or minimal influence) is realized on the groundwater or 

to minimize the losses. 

Hence, STES design process (pre-design, design, 

planning, evaluation and optimization phases) is an 

interrelated complex process due to a wide list of 

variables (e.g. location, hydrogeological conditions, 

construction type, size, geometry, materials and storage 

medium) (Dahash, A. et al., 2019). Down to these actors, 

real experimental investigations on STES is frequently 
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held to be challenging because the investment cost can be 

enormous with a performance below expectations. Hence, 

STES and system simulations are perfectly suited to 

examine the large-scale systems (Ochs F. , 2014).  

In this paper, the authors firstly present the development 

of numerical models for two options of large-scale TES 

(i.e. tank and pit) for SDH applications. Then, the work 

underlines the applicability of 2-D and 3-D multiphysics 

numerical models. To test the models, the work examines 

the impact of groundwater flow on the storage 

performance. Finally, the work investigates the 

functionality of cut-off walls whether they are capable of 

minimizing thermal losses in order to preserve a high 

performance of the storage systems and to reduce the 

impact on the groundwater temperature. 

Previous STES Modeling Studies 

STES numerical modeling arise as an alternative 

approach to real experimental investigations. Thereby, it 

is allowable to examine the influence of any boundary 

condition on the STES performance without any actual 

economical cost. However, it is often held that numerical 

STES models tend to be costly in terms of simulation 

time. Despite the fact that STES research has received a 

great attention in literature, it is challenging to address 

multi-tasking STES models with low computation costs. 

As an example, Panthalookaran et al. reported numerical 

CFD models that are ideally suited for specific tasks (i.e. 

charging/discharging modes) (Panthalookaran, V. et al., 

2008). The models were validated against measured data 

from two buried storage tanks in Germany. One of the 

tanks is installed in Hannover–Kronsberg with a volume 

of 2750 m3, whilst the other is the underground TES in 

Friedrichshafen–Wiggenhausen with a volume of ca. 

12,000 m3. The models were used to develop a new 

characterization method for performance evaluation of 

various boundary designs during standby mode in large-

scale stratified TES (Panthalookaran, V. et al., 2011). 

CFD simulations require large computation efforts and, 

presently, this is often seen not practical as well in the near 

future. Consequently, assumptions are frequently set for a 

number of inputs (e.g. material properties and boundary 

conditions) in simulation. These assumptions produce, in 

fact, a positive notable reduction in the computation 

efforts forming the so-called “coarse models” (Ochs F. , 

2009). For instance, Ochs presented a dynamic numerical 

model based on finite element discretization (Ochs F. , 

2014). The model was able to represent various TES 

shapes (cylinder, cone) for underground hot water TES in 

Matlab/Simulink platform. Then, the model was further 

coupled to a finite difference model for the ground.  

Moving to TRNSYS, there exist two coarse models; the 

XST model (type 342) that simulates buried cylindrical 

water tanks. The other is the ICEPIT-model (type 343), 

which represents buried gravel-water pits. The ICEPIT-

model outperforms XST-model because it simulates 

several shapes (i.e. cylindrical tanks and truncated cones), 

whilst the XST-model simulates only cylindrical 

geometries (Dahash, A. et al., 2019). 

In coarse models, the “notable” reduction has a cost that 

often results into a shortcoming in the depiction of 

thermal hydraulic behavior in STES. Thus, coarse models 

do not accurately account for thermal losses, especially 

when the case comes to a more complicated modeling 

scheme (e.g. presence of groundwater flow).  

Moving to a comparison between design and actual 

results, Schmidt and Sørensen recently published 

monitoring results from some large-scale STES in 

Denmark (Schmidt, T. and Sørensen, P. A., 2018). They 

found that the storage efficiency of, for example, Marstal 

pit heat storage for 2015 was around 62 % a bit higher 

than the design value of 61 %. Moreover, Chang et al. 

investigated the influences of the key characteristic 

parameters on the thermal performance of PTES using a 

CFD code validated with experimental data from in-situ 

test rig with a lab-scale (Chang, C. et al., 2017). 

In this work, the authors firstly present 2-D axial 

symmetrical models that are able to represent STES 

systems with circular cross sections (i.e. tanks and conical 

pits) and its surroundings. Then, the same approach is 

used to develop 3-D models that account for groundwater 

flow.  

Methodology 

Development of numerical modeling 

At this level, two STES numerical models are developed 

using the numerical modeling tool COMSOL 

Multiphysics© 5,4. Because both tank and conical pit are 

axially symmetrical, this implies that it is enough to 

model a single half of the storage.  

Furthermore, COMSOL Multiphysics offers a 2-D 

axisymmetric modeling environment with cylindrical 

coordinate system for such geometries, therefore; both 

STES models are implemented by taking advantage of 

these features. 

r
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Figure 1: A 2-D representation of an underground tank with 

groundwater. 

Governing equations 

In the 2-D STES model, the mass of the water flowing 

in/out the STES is held conserved and, accordingly, the 

steady-state continuity equation for the water is given as 

follows: 
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𝑚 in = 𝑚 out = 𝑚 = 𝜌 ∙ 𝑉w  (1) 

Whereas the energy stored in a one of the central volume 

elements can be described by the following equation: 

(𝜌𝐴𝑐𝑝)
𝜕𝑇(𝑡)

𝜕𝑡
= −(𝜌𝑐𝑝𝑉w )∇𝑇 + 𝐴∇ ∙ (𝜆w∇𝑇)

− 𝑈wall ∙ (𝜋𝑑) ∙ (𝑇(𝑡)
− 𝑇ground(𝑡)) 

(2) 

Where 𝜌, 𝑐𝑝, 𝑚  and 𝑉w  represent the density, specific heat 

capacity, mass and volumetric flowrates of the fluid, 

respectively. Where 𝑈wall stands for the thermal 

transmittance of the storage envelope (fluid to ground), 

whereas 𝐴 is the cross-section area of the layer. Moreover, 

when the simulation reaches the upper layer (1st layer); 

another heat loss term (𝑄t
 ) is accounted for and, therefore, 

𝐴top is used to include the upper surface area of the first 

segment in calculations. The same applies when the 

calculation reaches the last layer in the storage model; 

thereby, the heat loss from the bottom (𝑄b
 ) is included. 

A buoyancy driven heat flow is often observed during the 

standby mode often known as (storage phase or cooling 

mode).  This heat flow results from buoyancy inducing a 

natural convection process, which causes a recirculation 

of water between the hot and cold areas. In order to 

include this effect in equation (2), the water conductive 

term (𝐴∇ ∙ (𝜆w∇𝑇)) is replaced by another term to 

enhance the thermal conductivity of water and, 

consequently, to exclude inverse thermocline. Thus: 

𝐴∇ ∙ 𝑞 

= {
𝐴∇ ∙ (𝜆w∇𝑇)       , 𝑉w ≠ 0

𝐴∇ ∙ (𝜆w,enh∇𝑇), 𝑉w = 0 𝑎𝑛𝑑 
𝜕𝑇

𝜕𝑧
< 0

 
(3) 

Further, the heat transfer also occurs in the ground and it 

is described by the following equations: 

(𝜌g𝑐𝑝,g)
𝜕𝑇g(𝑡)

𝜕𝑡
= ∇ ∙ 𝑞  (4) 

One major shortage of axisymmetric models is the 

challenge to include the unsymmetrical flow of 

groundwater, which will eventually violate the symmetry 

constraints. Hence, 3-D numerical models arise as a 

quintessential option. Nevertheless, 3-D models usually 

possess more degrees of freedom due to extra mesh 

elements and, thus, more simulation time.  

Similar to the 2-D model, the fluid domain in the STES is 

represented by equations (1-3). In addition, the heat 

transfer in the ground layers, through which no 

groundwater flows, are described by equation (4). 

Whereas the heat transfer in porous media (e.g. ground 

layers with groundwater flow) is described by the 

following equations: 

(𝜌𝑐𝑝)eq

𝜕𝑇

𝜕𝑡
+ 𝜌gw𝑐𝑝,gw𝑢 ∙ ∇𝑇 = ∇ ∙ (𝜆eq∇𝑇) (5) 

(𝜌𝑐𝑝)eq = 𝜃p𝜌g𝑐𝑝,g + (1 − 𝜃p)𝜌gw𝑐𝑝,gw (6) 

𝜆eq = 𝜃p𝜆g + (1 − 𝜃p)𝜆gw (7) 

In the above equations, (𝜌𝑐𝑝)eqand 𝜆eq are the equivalent 

volumetric heat capacity and equivalent thermal 

conductivity of the porous medium in which the 

groundwater flows.  Whereas 𝜌gw, 𝑐𝑝,gw and 𝜆gw are the 

density, specific heat capacity and thermal conductivity of 

groundwater.  

In this work, the groundwater flow in a porous media is 

described by Darcy’s law that is given as below: 

𝜕

𝜕𝑡
(ρϵp) + ∇ ∙ (𝜌𝑢) = 𝐺m (8) 

𝑢 = −
𝑘

𝜇
∇𝑝 (9) 

In the above equations, 𝜃p and ϵp are the volume fraction 

and the porosity, respectively, and their overall sum yield 

a unity; k is the permeability and u is the groundwater 

velocity. Whilst p is the hydrodynamic pressure. Gm 

stands for the mass source, which is set to zero. 

Boundary conditions 

In this research, the focus is to develop STES models that 

are reliable and computationally fast enough to give 

insights on the design of STES. Therefore, system 

simulations are not considered at this stage and this means 

no DH system is actually modeled. However, the DH 

operation profiles (temperature and flowrate) are of 

importance for the operation of STES system, especially 

for the charging/discharging modes. Therefore, a 

simplified standard DH temperature profile is introduced 

in the model, where the DH supply temperature is set to 

90 °C and the return temperature is given as 60 °C.  Figure 

2 and Figure 3 show the simplified periodic operating 

conditions for a TES. Further, Figure 4 shows the 

simplified scheme of charging/discharging processes 

used in STES modelling.  

Additionally, the dimensions for both storage options 

(tank and pit) are shown in Table 1. While the different 

thermo-physical properties and the heat transfer 

coefficients used for the materials in the modeling of the 

STES are reported in Table 2. Moreover, Table 3 

documents the values of the different properties used for 

the groundwater flow. 

 

Figure 2: Water volumetric flowrate as a periodic function of 

the time for a TES with a volume of 100000 m3. 
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Figure 3: Flow temperature as a periodic function of the time 

and ambient temperature as a sinus function with an average 

of 10°C. 

STES

Return flow

Supply flow

Charging

Discharging

 

Figure 4: Representation of the simplified scheme used for 

charging side (continuous) and discharging side (dashed) in 

STES modelling. 

Table 1: Dimensions of the TES for two options (tank and pit) 

Parameter Tank Pit 

Height, 𝐻 50 m 50 m 

Base diameter, 𝑑b 50.5 m 20 m 

Top surface diameter, 𝑑a 50.5 m 75.7 m 

Slope angle, 𝛼  90° 60.9° 

Volume, 𝑉 100 000 m3 100 000 m3 

 

Table 2: Thermo-physical properties of the materials and heat 

transfer coefficients (HTC) of the different components in TES 

Parameter Value 

Water thermal conductivity, 𝜆w 0.6 W/(m.K) 

Water density, 𝜌 1000 kg/m3 

Water specific heat capacity, 𝑐𝑝 4200 J/(kg.K) 

Overall HTC of the cover, 𝑈cover 0.1 W/(m2.K) 

Overall HTC of the wall, 𝑈wall 0.3 W/(m2.K) 

Overall HTC of the bottom, 𝑈bottom 0.3 W/(m2.K) 

Ground thermal conductivity, 𝜆g 1.5 W/(m.K) 

Ground specific heat capacity, 𝑐𝑝,g 880 J/(kg.K) 

Ground density, 𝜌g 1000 kg/m3 

 

Table 3: Exemplary groundwater properties set in the 3-D 

model 

Parameter Value 

Volume fraction, 𝜃p 0.7 

Porosity, ϵp 0.3 

Permeability, k 10-7 m2 

Dynamic viscosity, μ 72.5∙10-5 Pa.s 

Groundwater inflow velocity, u0 0.00002 m/s 

Results and Discussion 

The time-dependent problem described above is 

simulated using the tool COMSOL Multiphysics. The 

maximum time step corresponds to 1 day. Simulations 

with lower time steps showed more computational efforts 

with no more significant changes on results. 

In order to reduce the impact of the initial conditions on 

the results, the simulation time span set to either 3 years 

or 10 years.  

Water temperature 

Temperature distribution of water along z-axis is 

investigated for both options (tank and pit). Figure 5 and 

Figure 6 display the simulated temperature of water in 

STES for different time steps. The simulation starts with 

a uniform temperature profile for the three cases 

(charging, standby and discharging). The storage is 

cooled down with an average ambient air temperature of 

10°C from the top, whereas the ground temperature has an 

impact on the lateral and bottom areas of the storage. It 

can be observed that thermal stratification gradually takes 

place in the storage. Consequently, the thermo-hydraulic 

behavior of water is correctly implemented and the model 

qualitatively provides correct results. 

Performance evaluation  

A number of simulations, each with 10 years, were carried 

out to evaluate the performance of both STES types (tank 

and pit).  

In Figure 7, however, it is seen that the pit TES has lower 

energy content compared to the energy content of the 

tank. This is attributed to the heat transfer rates from the 

storage to the ground (i.e. thermal losses). Moreover, the 

storage temperature contributes significantly to this 

variation since the pit has water stored at ~60°C (Figure 

6), whilst the tank stores water at a minimum temperature 

of ~82°C (Figure 5). Later, this has a significant influence 

on the discharge phase as shown in Figure 5 and Figure 6. 

In fact, the pit discharges faster compared to the tank 

because the tank-discharged energy is higher than that of 

the pit as proven in Figure 9. 
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Figure 5: Tank water temperature along z-axis for the 

three phases (charging, storage and discharging) at 

different time steps (Charging: 10, 30, 60 and 90 days; 

Storage: 100, 120, 150 and 180 days; Discharging: 

190, 210, 240 and 270 days). 

 Figure 6: Pit water temperature in the pit along z-axis 

for the three phases (charging, storage and 

discharging) at different time steps (Charging: 10, 30, 

60 and 90 days; Storage: 100, 120, 150 and 180 days; 

Discharging: 190, 210, 240 and 270 days). 

  

Figure 7: Energy content of the tank (blue) and pit (red) 

during the ten years of investigation. 

Figure 8: Thermal losses from the tank (blue) and the 

pit (red) during the 10 years of investigation. 

 

Figure 9: Annual charged (positive) and discharged (negative) energy from tank (blue bars) and pit (red bars) in case 

of insulation. Higher discharge and charge rates are observed for the tank. 
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Figure 10: Annual charged (positive) and discharged (negative) energy from tank (blue bars) and pit (red bars) in case 

no insulation. Higher discharge and charge rates are observed for the tank. 

In Figure 8, it is shown that thermal losses tend to 

decrease continuously and, in return, this triggers the 

energy content to rise. In fact, this pattern is attributed to 

the surroundings (i.e. ground/soil) temperature and 

ground thermal conductivity. The surroundings 

temperature is presumed at 10°C as an initial value and, 

therefore, a heat transfer process is initiated between the 

storage and the surroundings causing an increase in 

surroundings temperature over time until it reaches a 

steady pattern. This is seen from the third year and up.  

Moreover, it is remarkably shown that pit has higher 

thermal losses compared to the tank and, consequently, 

less energy content. The main reason behind the higher 

losses is the pit has bigger top surface area than the tank, 

which induces a drop in the water temperature at the top 

as proven by Figure 5 and Figure 6 and, additionally,  less 

discharged energy than that of the tank as shown in Figure 

9.  

Moreover, another case was inspected for both storage 

options (tank and pit) with same dimensions given in 

Table 1; this case involves no insulation used over the 

storage sidewalls and bottom. Whilst other boundary 

conditions shown in Table 2 remained the same. Figure 

10 depicts that the tank-discharged energy is also higher 

in this case. Nevertheless, it is observed that tank-

discharged energy in case of no insulation is less by an 

average of 7.3 % (corresponding to appx. 214 MWh) 

compared to the case of when insulation is used for the 

year 10 of the investigation period. 

To capture the storage performance, it is crucial to 

evaluate the thermal efficiency of the storage and then 

compare the values for both options (tank and pit) in both 

cases (with and without insulation). The storage 

efficiency obeys the following equation: 

𝜂sto = 1 −
∑ 𝑄loss
𝑡
𝑖=1

𝑄sto

 (10) 

 

Figure 11: Storage efficiency calculated from the 

thermal losses and storage energy content during the 10 

years of simulation. 

In equation (10), the thermal losses are calculated a year-

round, which means that also the thermal losses during the 

idle phase (the phase between the discharging and 

charging) are included. In fact, it also plays a role in the 

energy balance of the storage. The thermal losses are 

calculated step-by-step and integrated all over the year. 

Figure 11 shows the storage efficiency plotted for each 

year of investigation for two cases (with and without 

insulation). In both cases, it is observed that the tank 

outperforms the pit due to the difference in thermal losses 

(see Figure 8). From Figure 11, it can be observed that the 

efficiency broadly increases with an asymptotic trend. 

Yet, starting from the 5th year the efficiency slightly rises. 

This draws attention to an interesting argument that under 

the given boundary conditions, material properties for the 

storage and the ground, the storage reaches a steady 

operation after about 5 years. For other boundary 

conditions, however, this might differ depending on, for 

example not limited, the thermal resistance of insulation. 

Moreover, it is also noticed that tank efficiency in case no 

insulation approaches the pit efficiency when insulation is 

used. Therefore, a techno-economic analysis is required 

to evaluate the options more comprehensively. 
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Furthermore, the low efficiency over the course of the first 

5 years (1st to 5th year) is attributed to the ground thermal 

properties. In fact, thermal losses are strongly driven by 

the ground temperature and the ground thermal 

conductivity. The ground temperature increases 

producing a lower temperature difference between the 

storage and the ground and, therefore, less thermal losses 

and higher efficiency.  

Cut-off walls as a groundwater flow controller 

Under favorable hydro- geological conditions (e.g. no 

groundwater), it is held that the storage has better 

performance because the existence of groundwater might 

lead to an increase in the effective thermal conductivity of 

the ground and, therefore, higher thermal losses. 

However, it is difficult to install the storage in a place 

ensuring no groundwater flows. Figure 12 highlights the 

impact of groundwater flow. Thereby bringing higher 

thermal losses by around 15 % compared to the case when 

no groundwater exists. Consequently, a notable decrease 

in the efficiency will likely take place. One the other hand, 

hydro- geologically speaking, there exist some national 

and/or regional standards that prevent the groundwater 

temperature from increasing beyond 20°C to 25°C in 

some countries. Therefore, it is important to count on a 

method that is capable to exclude the groundwater flow 

from the storage structure whereby a crucial aspect is to 

reduce the thermal losses from the storage and, 

consequently, it provides better performance. 

 

Figure 12: Comparison of thermal losses form a tank 

storage for two cases: one without groundwater flow 

(blue) and another with groundwater flow (red). 

Different techniques are used during excavation phase to 

control and/or restrict the groundwater flow. These 

methods are typically classified into pumping- or 

excluding-based. In this work, the exclusion method is 

chosen whereby a groundwater flow is reduced or avoided 

nearby the storage structure by installing impermeable 

vertical physical walls forming the so-called “cut-off 

walls”. Cut-off walls are underground barriers at different 

heights to preserve the quality of groundwater and to 

reduce the thermal losses. They are often serving as 

practical engineering solutions.  

In this work, the cut-off wall was employed to reduce the 

influence of groundwater. Herein, the main characteristic 

investigated was the distance from the storage envelope 

to the cut-off wall. Thus, a parametric study was carried 

out to determine the distance impact on storage thermal 

losses, whereby the distance ranged between 1 m and 10 

m.  

Figure 13 compares the thermal losses for one annual 

operation cycle in the tank with a given volume in two 

cases: with and without groundwater flow. Moreover, it 

indicates also the impact of a cut-off wall on the thermal 

losses. By presenting the breakdown, it is noticed that the 

increase in thermal losses occur in side part because the 

groundwater flow has a direct contact with the sidewalls 

of the tank and, therefore, the change in top and bottom 

thermal losses are negligible. To reduce the impact of 

groundwater, cut-off walls are introduced. From Figure 

13, it is observed the farther the cut-off wall, the less the 

influence is and, thereby, less thermal losses compared to 

the case with groundwater flow and no cut-off wall. 

Conclusion 

Large-scale seasonal thermal energy storage represents an 

intrinsic element in SDH applications since it provides a 

considerable robustness to the overall system. Numerical 

simulations for large-scale STES systems arise as an 

alternative to real on site experiments. In this study, a 2-

D numerical modeling approach was presented for 

axisymmetric geometries (cylindrical tank and conical 

pit). The approach was tested and, then, a comparison 

driven by temperature profiles and storage performance 

between both storage options was shown. The results 

indicate that under the given boundary conditions (see 

Table 1 and Table 2), the tank outperforms the pit by 

approximately 4 % more in context of efficiency. The 

same applies when no insulation was used. Further, it is 

depicted that the tank without insulation has 

approximately similar efficiency as that of the pit with 

insulation after the ground pre-heating period. Also, the 

results depicted that the storage reaches stable operation 

only after 5 years for the given storage volume and 

boundary conditions. Yet, this time slot of 5 years can 

vary depending on many players (e.g. insulation 

thickness, ground thermal conductivity). 

Next, the work underlined the role of hydro- geological 

conditions on storage performance by comparing a 

favorable hydro- geological condition (no groundwater 

flow) against an extreme case (high groundwater 

streamflow). Thus, a 3-D numerical model for the tank 

was developed. The outcomes revealed a remarkable 

increase in the thermal losses when groundwater exists. In 

fact, when no groundwater flows, then only conductive 

heat transfer from the storage to the ground occurs. On the 

other hand, another contribution is added, which is the 

convective part, if the groundwater flow was included. 

Consequently, cut-off walls enclosing the storage were 

introduced to reduce the groundwater impact. Different 

distances from the storage were investigated. It is 

concluded the farther the wall, the better the performance 

is. However, the cost of installing such structures also 

play a role in determining the optimum distance. 

Moreover, future work will focus on the validation of the 

models against measured data from real storage plants.  
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Figure 13: Breakdown of the thermal losses for the tank with and without groundwater flow.
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Symbol Description Unit 

A Area m2 

cp Specific heat cpacity J/(kg.K) 

Gm Mass source kg/(m2.s) 

k Permeability m2 

𝑚  Mass flowrate kg/s 

p Pressure Pa 

𝑞  Heat flux W/m2 

Q Heat (i.e. thermal energy) J 

𝑄  Heat flowrate W 

T Temperature K 

t Time step s 

U Thermal transmittance W/(m2.K) 

u Velocity m/s 

z Vertical axis inside the tank m 

ϵ Porosity - 

η Efficiency % 

Θ Volume fraction - 

λ Thermal conductivity W/(m.K) 

μ Dynamic viscosity Pa.s 

ρ Density kg/m3 
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Abstract 
This paper proposed a PCM solar air collector with 
ventilated window system to store solar energy for 
ventilation pre-heating purpose. The PCM stores the solar 
energy when the solar radiation is available and releases 
the heat to the ventilated air when the room is occupied 
and the fresh air is needed. The additional heat gained 
from solar radiation is used as a substitute energy demand 
of the building. A conduction finite difference model is 
built in Energyplus to simulate the heat transfer of the 
PCM solar air collector and the energy balance of the 
system. The model is validated by a full-scale 
experimental test. The model is then used to evaluate the 
energy saving potential of applying the PCM solar air 
collector for residential and office buildings in 3 cities for 
the represent of 3 different climate zones. The climate 
analysis shows that the percentage of the days when PCM 
is activated is 33.11%, 33.77% and 62.91% for 
Copenhagen, Geneva, and Rome respectively in winter 
and spring seasons. The energy analysis found out that the 
HVAC energy saving potential of applying PCM solar air 
collector for residential building is 29.19%, 33.69% and 
65.11% for Copenhagen, Geneva and Rome respectively. 
For office building it is 26.86%, 31.64% and 41.09% for 
Copenhagen, Geneva and Rome respectively. 
Introduction 
Building energy consumption for ventilation and HVAC 
systems is more than one-third of the total energy 
consumption for industry countries (Heiselberg et al., 
2009), and is in growing trends because of the 
improvement of thermal comfort standards and climate 
changes. To diminish fuel consumption and carbon 
dioxide emission because of the building energy 
consumption, it is necessary to implement some innovate 
technologies and solutions for the building environment. 
Phase change material (PCM) works as thermal energy 
storage (TES) is a good solution to increase the thermal 
mass of the building system because of its high latent heat 
storage capacity (Pomianowski, Heiselberg, & Jensen, 
2013). This intense heat storage ability makes it smaller 
in volume in comparison with other building thermal 
mass materials. Another advantage of PCM is that the 
phase change occurs in an almost constant temperature, 
which makes it less possible for the temperature 
stratification in the space (Pomianowski, Heiselberg, & 
Zhang, 2013). With the proper choice of PCM, the phase 

change occurs around room temperature, which is good 
for the thermal comfort in the indoor environment.  
Applying PCM into ventilation systems has the advantage 
of increasing the surface heat transfer coefficient of the 
material. As a consequence, the charging and discharging 
efficiency of PCM are improved. Several researchers 
have successfully developed night ventilation systems 
with PCM. Alvaro studied a PCM ventilated façade 
numerically (De Gracia, Navarro, Castell, & Cabeza, 
2013) and experimentally (De Gracia, Navarro, Castell, 
Ruiz-Pardo, et al., 2013) about its thermal performance 
and energy saving potential, and developed the control 
strategies of this system based on reinforcement learning 
(Alvaro De Gracia, Fernández, Castell, Mateu, & Cabeza, 
2015). Those works indicate that applying PCM into 
ventilation façade has a good potential to improve night 
cooling effect and building energy efficiency. The authors 
also emphasized the importance of control strategy 
optimization during those studies. Other researches 
include the implement of PCM in packed bed storage 
(Takeda, Nagano, Mochida, Shimakura, & Shimakura, 
2004; Yanbing, Yi, & Yinping, 2003), ceiling board 
(Kondo & Iwamoto, 2006), HVAC system (Yamaha & 
Misaki, 2006), heat pipe (Awbi, Turnpenny, Etheridge, & 
Reay, 2000) and slurry tank (Wang & Niu, 2009). Most 
of the implements lead to the improvement of thermal 
comfort level or building energy conservation.   
As the increasing trend of applying PCM into building 
systems, many building simulation software have 
developed modules for PCM inputs. Researchers have 
successfully modeled PCM in those simulation software 
with experimental validation, including Fluent (Susman, 
Dehouche, Cheechern, & Craig, 2011), COMSOL 
Multiphysics (Y. Hu & Heiselberg, 2018; Virgone & 
Trabelsi, 2016), Trnsys (Ahmad, Bontemps, Sallée, & 
Quenard, 2006; Dentel & Stephan, 2013), EnergyPlus 
(Evola, Marletta, & Sicurella, 2014; Ramakrishnan, 
Wang, Alam, Sanjayan, & Wilson, 2016; Saffari, de 
Gracia, Ushak, & Cabeza, 2016; Tabares-Velasco & 
Griffith, 2012). EnergyPlus is a wildly used building 
energy simulation software. It simulates the heat transfer 
process of the building with different building equipment. 
There are several thermal comfort models available to 
make an assessment of the thermal comfort of the indoor 
environment. The conduction finite-difference (CondFD) 
method is used to simulate the PCM instead of the 
conduction transfer function (CTF) method for building 
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constructions, because that the heat capacity and thermal 
conductivity and some other parameters of PCM are 
changing along with temperature (Kośny, 2015). The 
fully implicit numerical model with the enthalpy method 
was developed by Pedersen (2007). The enthalpy of the 
PCM as a function of temperature is used to calculate the 
equivalent specific heat of the PCM at each time step. The 
hysteresis of PCM is defined by the difference of 
melting/freezing ranges and peak temperatures.  
This paper aims to evaluate the building energy saving 
potential of the ventilated window with PCM solar air 
collector system in EnergyPlus model for residential and 
office buildings in 3 cities in different climate zones. The 
details of the EnergyPlus model is first presented and 
validated by experimental data. Then the climate 
characteristics of the 3 cities are analyzed. Furthermore, 
the control strategy of the system is developed and the 
temperature profiles of the model with PCM solar air 
collector in relation to the solar radiation and outdoor air 
temperature are investigated. Next, energy demands of 
models with PCM solar air collector and without PCM 
solar air collector are compared and the energy saving 
potentials of applying PCM solar air collector are 
calculated for residential and office buildings in the 3 
cities. 
Methods 
This work builds the model of the PCM solar air collector 
and ventilated window system in the building energy 
simulation software EnergyPlus. It uses conduction finite 
difference (CondFD) algorithm to complement the 
original conduction transfer function (CTF) algorithm in 
cases when the PCM or changeable thermal conductivity 
is simulated. The advantage of this algorithm is that it can 
simulate short time steps such as 1 minute (EnergyPlus 
Documentation Engineering Reference, 1996).   
The finite difference model uses fully implicit or semi-
implicit scheme coupled with an enthalpy-temperature 
function for the energy calculation of Phase Change 
Material. The fully implicit scheme is also called Crank-
Nicholson scheme. The implicit formulation is shown in 
Equation (1). 
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Where  
Cp is the specific heat of the material; 
ρ is the density of the material; 

Δx is the finite difference layer thickness; 

Δt is the calculation time step; 
T is the temperature of the node; 
i is the node been modeled; 
i+1 is the adjacent node to interior of construction; 
i-1 is the adjacent node to exterior of construction; 
j+1 is the new time step; 

j is the previous time step; 
kW is the thermal conductivity for interface between i node 
and i+1 node; 
kE is the thermal conductivity for interface between i node 
and i-1 node. 
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The heat capacity of the material is calculated from the 
user input enthalpy function, as shown in Equation (4). If 
the hysteresis of the PCM is considered, the heat capacity 
of the current moment not only depends on the previous 
temperature but also previous phase change state, as 
shown in Equation (5).  
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A room (3.6 m×3.6 m×3.5 m) on the first floor of a 3 
floors building is modeled with ideal loads air system to 
calculate the energy load to maintain the room 
temperature at 22-26 °C. Two types of rooms are 
simulated: the residential and the office. The apartment is 
occupied during 16:00-06:00. The office room is 
occupant during 8:00-17:00. The lights, other equipment 
and ventilation schedule are all the same as the occupant 
schedule. The heat rate of the light and other equipment 
for the office room is 30 W/m2 during the occupant hours. 
For the residential room, the maximum heat rate is 158 W 
and the heat peak is 17-22 h (Wittchen & Kim Bjarne, 
2004). The EneryPlus model includes 3 thermal zones: the 
room zone, the double window zone, and the PCM solar 
air collector zone. The ventilated window is facing south. 
The ventilation air distribution starts from the bottom of 
the solar air collector zone, goes through the solar air 
collector and double window zones into the indoor room. 
The room has only one external wall on the south façade 
with a U value of 0.136. The other walls and ceiling are 
modeled as internal constructions with adiabatic 
boundary condition. The infiltration level of the room is 
set as 0.5 air change per hour. Figure 1 shows the air 
distribution and details of the PCM solar air collector and 
ventilated window. The model compares the energy load 
of the systems with PCM solar air collector and without 
PCM solar air collector. The former system is ventilated 
through the PCM solar air collector during the occupied 
hours, while the latter is ventilated directly from the 
outdoor during the same period. The air flow rate for both 
ventilation systems is 30 m3/h. 
The PCM solar air collector is modeled as a separate 
thermal zone from the double window and the room. It is 
made by 0.010 m PCM plates and 0.005 m air gaps with 
wooden frame and glass cover. The heat capacity of the 
PCM is set according to DSC measurement (Hu & 
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Heiselberg, 2018). The total volume of the PCM in the 
solar air collector is 0.06 m3 and the total latent energy 
storage potential is 6.04 MJ.  
The double glazing window cavity is in the same width as 
the PCM solar air collector. The double glazing window 
is made by two layers of 0.006 m glass and a 0.01 m air 
cavity between them. The U value and g value of the 
glasses are seen in Figure 5(a). The reference model has 
the same configurations except that the PCM in the solar 
air collector part is removed.   
The model result of the PCM temperature during 550 W 
heating for 6 hours is compared with a full-scale 
experimental test. The details of the experimental process 
can be found in (Hu, Heiselberg, Johra, & Guo, 2019). 
The PCM temperature curve from the result of the 
EnergyPlus model has a clearer phase transition period 
than from the experiment, see Figure 2. It is because the 
curve from experimental test takes the average 
temperature of 12 measurement points in the different 
heights of the PCM plates, while the EnergyPlus model 
takes one-dimensional heat transfer for PCM heat transfer 
calculation. However, the errors of the model results at 
each measurement time are all under 20%, which is 
calculated based on Equation (5). The average error is 
8.27%. 

experimental data- calculated data
experimental data

ε =  (5) 

Results and discussions 
The climate condition is first analyzed to see the potential 
of the applicant of the PCM solar air collector, including 
the daily mean air temperature and the daily mean 
received solar radiation by the south surface of the PCM 
solar air collector. Figure 3 shows the daily average of 
outdoor air dry bulb temperature in 3 different cities for 
winter and transition seasons to represent 3 different 
climates: cold (Copenhagen), mild (Geneva) and hot 
(Rome) climate. It is seen that for most of the time Rome 
has the highest daily mean outdoor air temperature, then 
is Geneva and Copenhagen. For some days of April in 
Rome, the daily mean air temperature is quite high, which 
indicates the cooling supply may be needed for the air 
conditioning system. 
Figure 4. Shows the daily solar radiation received by the 
south surface of the solar air collector in 3 different cities. 
For Copenhagen, the daily received solar radiation during 
the winter season is not so high. But it is higher in spring 
(from March to April). The average received solar 
radiation on south surface is 1.92 KWh/day/m2, 2.03 
KWh/day/m2, and 2.93 KWh/day/m2 for Copenhagen, 
Geneva and Rome respectively. 
Figure 5 shows the operation control strategy of the 
ventilated window with PCM solar air collector. The 
outdoor air goes from the bottom of the heat exchanger, 
through the double window and is supplied to the indoor 
room when the indoor air temperature is lower than 24 °C. 
It is heated up by the PCM solar air collector. The heat of 
the PCM solar air collector comes from the solar radiation 

during the sunny daytime. When the indoor air 
temperature is higher than 24 °C, the room ventilation is 
directly from outdoor through bypass mode, to prevent the 
room from overheating. At the meantime, the double 
window part is ventilated by self-cooling ventilation, to 
decrease the indoor heat gain through the window. The 
ventilated window without PCM solar air collector system 
has the same control strategy, except that there is no PCM 
solar air collector available.  
Figure 6 shows the temperature profiles of the model with 
PCM solar air collector for residential building in 
Copenhagen. The air temperature in the double glazing 
window has a smaller time lag than the PCM temperature 
with regards to the solar radiation, due to its heat transfer 
to both indoor and outdoor environment, while the PCM 
solar air collector only transfers heat to the outdoor 
environment because of the inner insulation. Take 13th 
April for example, the air temperature in the double 
window is lower than the PCM temperature after 13:00 
because the former keeps decreasing afterwards. At 
18:00, the ventilation fan for the PCM solar air collector 
is turned on. The air temperature in the double window 
increased 9.66 K immediately due to the heat supply from 
the PCM solar air collector. Then it drops as the PCM 
temperature is decreasing. The PCM is considered fully 
active when its temperature reaches 24 °C, which is 
around 11:00. The total average solar energy needed to 
activate the PCM is 2.08 KWh/m2, which are 33.11%, 
33.77% and 62.91% of the days represented in Figure 4 
for Copenhagen, Geneva, and Rome respectively. 
Figure 7 shows the monthly energy demand for the 
models with and without PCM solar air collector for 
residential and office building in 3 cities. The fan energy 
is 1.21% of the total HVAC energy demand for the system 
with PCM, and similar as the fan energy consumption 
without PCM solar air collector, which is ignored in the 
result analysis about energy saving potential. The overall 
heating and cooling energy demand for the model with 
PCM solar air collector is lower than it without PCM solar 
air collector. Residential building has a higher heating 
energy demand and a lower cooling energy demand than 
office building in general. For all the cities, the models in 
Copenhagen has the highest heating energy demand, 
while the models in Rome has the highest cooling energy 
demand.  
Table 1 shows the energy demand for the models with and 
without PCM solar air collector and the energy saving 
potential of using the PCM solar air collector for 
residential and office buildings in the 3 cities.  Among 
them, the models in Copenhagen have the highest energy 
saving amount. However, the energy saving percentage is 
the lowest, due to the high energy demand. The models in 
Rome have the lowest energy saving amount but the 
highest energy saving percentage. For the same city, 
residential buildings have higher energy saving amount as 
well as energy saving percentage than office buildings. 
The reason is that the office buildings have higher internal 
gains than the residential buildings, which results in a 
higher energy demand. 
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Conclusions  
This paper proposed a PCM solar air collector with a 
ventilated window system to make the most use of solar 
energy for ventilation pre-heating purpose. The PCM 
solar air collector stores solar energy during the daytime 
and releases the heat to the ventilated air when the 
ventilation pre-heating is needed. The bypass and double 
window self-cooling mode is added to the control strategy 
to prevent the overheating of the room. A conduction 
finite difference Energyplus model is built to evaluate the 
heat transfer process and the energy saving potential of 
the PCM solar air collector compare to the same system 
without PCM solar air collector. The model is validated 
by a full-scale experimental test.   
The results of climate analysis show the temperature 
trends and solar energy availability of the 3 different cities 
in winter and spring. The daily mean temperature of 
Rome is the highest, then is Geneva. The similar trend is 
found out for the average received solar radiation by south 
surface. The analysis of temperature profiles of the model 
with PCM solar air collector in relation with solar 
radiation has the conclusion that the percentage of the 
days when PCM is activated is 33.11%, 33.77% and 
62.91% for Copenhagen, Geneva, and Rome respectively. 
The conclusions for building energy demand analysis are 
that models in Copenhagen have the most energy saving 
amounts. The models in Rome has the highest energy 
saving percentage. With PCM solar air collector, the 
residential building saves more energy than office 
building. The energy saving potential for residential 
building is 29.19%, 33.69% and 65.11% for Copenhagen, 
Geneva and Rome respectively. While the energy saving 
potential for office building is 26.86%, 31.64% and 
41.09% for Copenhagen, Geneva and Rome respectively. 
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Figure 1: Sketch and the air distribution of the ventilated window with PCM solar air collector system. 
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Figure 2: Comparison of the PCM temperature between the experimental data and the model result.  

 
Figure 3: The daily average of outdoor air dry bulb temperature in 3 different cities for winter and transition seasons. 
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Figure 4: The daily received solar radiation of the window surface in 3 different cities for winter and transition 
seasons. 

 
Figure 5: The operation control strategy.  

 
Figure 6: Temperature profiles of the model with PCM solar air collector for residential building in Copenhagen. 
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Figure 7: The energy demand for the models with and without PCM solar air collector. 

 
Table 1: The total energy demand for the models with and without PCM solar air collector and the energy saving 

potential of using PCM solar air collector. 

City 

Residential energy demand (MJ) Energy 
saving 

percentage 

Office energy demand (MJ) Energy 
saving 

percentage 
With 
PCM 

Without 
PCM 

Energy 
saving 
amount 

With 
PCM 

Without 
PCM 

Energy 
saving 
amount 

Copenhagen 2829.02 3994.98 1165.96 29.19% 2512 3434.52 922.52 26.86% 

Geneva 1978.14 2983.29 1005.15 33.69% 1815.39 2655.63 840.24 31.64% 

Rome 292.75 838.99 546.24 65.11% 796.82 1352.63 555.81 41.09% 
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Abstract 
There is significant growth in the utilization of renewable 
energy in the built environment. Due to the intermittent 
nature of most renewable energy sources, energy 
mismatch problems between on-site generation and 
demand both in hourly and seasonal levels are 
unavoidable. This problem is more significant in Northern 
latitudes, as in summer there is high solar availability 
despite low or no electricity demand for cooling and in 
winter the solar availability is low when there is a high 
demand for heating. In addition, energy-pricing policies 
are leading to less or no Photovoltaic (PV) feed-in-tariffs 
in the near future and/or even providing incentives to 
uphold self-consumption. Therefore, it is important to 
enhance the energy flexibility potential of a building to 
improve utilization of on-site generated energy. 
In this study, a performance optimization of various 
residential building designs with differences in energy 
demand, on-site energy generation and storage sizes is 
carried out considering future policy scenarios. The 
objective is to minimize the dependency to the nearby 
energy grid and maximize the self-consumption. To 
achieve this, a performance-based design support 
framework is proposed and demonstrated using a case 
study.  
Introduction 
The use of PV systems in the built environment shows a 
large increase in recent years, due to the introduction of 
financial support schemes for the building owners(Widén, 
Wäckelgård, and Lund 2019). Most European countries 
have initially started with production-based support 
schemes like feed-in tariffs (FiT). However, in several 
countries these schemes are replaced with schemes that 
promote self-consumption of locally produced electricity 
(Castillo-Cagigal, Caamaño-Martín, et al., 2011). 
The large-scale introduction of locally produced 
electricity by PV systems cause major challenges for the 
electricity distribution grid operators (DSO), since most 
grids are not designed for managing both electricity 
demand and production. For example, large and frequent 
mismatches between local demand and local production 
can strongly affect the power quality at feeder level of the 
grid (i.e. at neighbourhood level). The DSO can alleviate 
these problems by increasing the capacity of the grid. 
Additionally, policy makers can alleviate these problems 
by introducing the aforementioned schemes that promote 
self-consumption, since these schemes give a financial 
incentive to the building owner to match their own 
demand with their own production which will decrease 

the import and export of electricity to the grid. These 
schemes support another solution which is the design of 
buildings that are less dependent on the grid compared to 
current buildings, e.g., by designing buildings with low 
grid interaction. These buildings should make clever use 
of building design (orientation, Rc-values, etc.), energy 
storage and demand-side management strategies to match 
their own demand and production. These buildings would 
be able to exploit the abovementioned incentive scheme, 
which is beneficial for the building owner. 
Several studies investigate the energy matching and grid 
interaction aspects of buildings by studying the energy 
flexibility of buildings; this is for example one of the aims 
of the IEA EBC Annex 67 ‘Energy Flexible Buildings’. 
According to this Annex energy flexibility is the ability of 
a building to manage its demand and generation 
according to local climate conditions, user needs, and 
energy network requirements (Jensen et al., 2017). 
Several other studies focus on increasing self-
consumption through the deployment of Demand Side 
Management (DSM) strategies (Widén, 2014; Williams, 
Binder and Kelm, 2012; Sossan et al., 2013; Clastres et 
al., 2010).  Other studies focus on applying energy 
storages (Parra, Walker and Gillott, 2014; Braun, Perrin 
and Feng, 2009; Mulder, Ridder and Six, 2010), e.g., 
using electrical batteries to further improve load matching  
(Castillo-Cagigal, Gutiérrez, et al., 2011; Castillo-
Cagigal, Caamaño-Martín, et al., 2011; Matallanas et al., 
2012; Bruch and Müller, 2014). The literature study 
shows that currently there is no design approach available 
that takes into account the matching and grid interaction 
aspects of buildings during the design process. 
This paper proposes a computational performance 
assessment methodology that integrates relevant energy 
flexibility indicators regarding energy matching and grid 
interaction. Furthermore, this paper shows how the 
assessment methodology can be used to design future-
proof grid independent buildings by considering various 
policy scenarios (support schemes). The proposed design 
optimization approach is demonstrated using a case study 
of Dutch (residential) house and the building owner as the 
main decision maker/stakeholder. The details of the 
performance assessment methodology and the design 
optimization approach are discussed in the next section. 
Design optimization for houses with low 
grid-dependency 
The proposed design optimization approach consists of 
three main steps. These steps are presented below: 
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1a.    Identify the decision makers’ preferences and define 
the relevant performance indicators including energy 
matching and grid interaction performance 
indicators. 

1b. Define the design space, e.g., define the possible 
renovation measures that should be considered 
(variations in building envelope properties, HVAC 
systems, size of onsite-energy generation system and 
storage systems). 

1c. Formulate the future scenarios, e.g., in this paper 
based on the various support schemes. 

 
2. Predict the performance of each design solution in 

the design space using building performance 
simulation and calculate the performance indicators 
across all future scenarios. 
In this paper the performance of each design is 
predicted using the building performance simulation 
tool TRNSYS. The performance of each design is 
assessed based on the defined performance 
indicators and the energy matching and grid 
interaction performance indicators. The performance 
indicators are often conflicting, therefore a multi-
objective optimization approach is deployed with 
the objectives to minimize (or maximize) each 
indicator. 
 

3. Analyse and present future-proof building designs 
with low grid dependency using multi-criteria 
decision-making. 
Due to the conflicting nature of most indicators, a 
set of Pareto optimal solutions is obtained for each 
scenario. This enables the decision maker to perform 
a trade-off among alternative design solutions based 
on the preferred performance indicators. Depending 
on the selected performance indicators, the set of 
Pareto optimal solutions can vary per scenario. It is 
assumed that the probabilities of the occurrence of 
the scenarios is unknown and hence, it is essential to 
assess the performance robustness of the design 
solutions considering all scenarios. The minimax 
regret method (Kotireddy, Hoes and Hensen, 2018) 
is used to calculate the performance robustness of 
each Pareto.  

Case study description 
A typical Dutch residential, semi-detached terraced house 
from 1975, (RVO.Nl) is chosen as the case study building. 
The building is a heavyweight three-floor construction as 
shown in Fig.1. Each floor is considered as one thermal 
zone for calculating the temperature and energy demand 
of each zone. The living room and kitchen at the ground 
floor form the first zone, three bedrooms in the first floor 
constitute the second zone, and the attic in the second 
floor is the third zone. Heating is supplied by air source 
heat pump and the building is ventilated with balanced 
mechanical ventilation with a heat recovery unit. Natural 
ventilation (free cooling) is used in summer instead of 
mechanical cooling (Kotireddy, Hoes and Hensen, 2018).  

Identify decision makers and performance indicators 
The decision maker of this case study is the homeowner. 
The homeowner wants to renovate his house and requires 

a comfortable indoor environment at low investment and 
operating costs. The considered performance indicators 
are described in Table 1. In order to assess the energy 
matching and grid interaction of each design the indicators 
as described in Table 2. are defined. 

Table 1. Overview of thermal comfort and costs 
performance indicators. 

Name  Mathematical 
description 

Characteristic 

 

Weighted 
overheating 
hours 
(WTOH)  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =  ∆𝑊𝑊 ∗ ℎ 

ℎ: total number of hours 
exceeding the allowable 
maximum indoor 
temperatures 

∆𝑊𝑊:degree of 
temperature excess 

 Indicating number and 
magnitude of  hours 
exceeding the allowable 
indoor temperatures, 
based on maximum and 
minimum acceptable 
indoor temperatures as 
proposed on (Peeters et 
al., 2009) 

 

 

Operational 
cost (OC) 

𝑊𝑊𝑂𝑂
= (𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑃𝑃𝐸𝐸 +𝑁𝑁𝑁𝑁
∗ 𝑃𝑃𝑁𝑁𝑁𝑁) − (𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖) 

 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 :imported 
electricity from grid, 𝑃𝑃𝐸𝐸: 
price of electricity, NG: 
natural gas, 𝑃𝑃𝑁𝑁𝑁𝑁: price of 
natural gas, 

 
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖: type of 

energy receives 
incentive, 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖: rate of 
incentive  

Annual energy costs for 
gas and electricity 
consumption. Exported 
or self-consumed 
electricity is also 
considered in the 
calculation of operating 
cost, depending on the 
policy scenario  

Additional 
investment 
cost (𝐼𝐼𝑂𝑂𝑎𝑎) 

𝐼𝐼𝑂𝑂𝑎𝑎=∑𝐼𝐼𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑-
∑𝐼𝐼𝑂𝑂𝑖𝑖𝑑𝑑𝑟𝑟𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑 

 Additional amount of 
required investment in 
comparison to reference 

Table 2. Overview of energy matching and grid 
interaction performance indicators 

Figure 1. Layout of a typical Dutch terraced house, 
showing different floors, front and back view of the 

building. All dimensions are in mm. 
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Name  Mathematical description Characteristic 

On-site 
Energy 
Matching 
(OEM) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [𝑘𝑘𝑊𝑊ℎ]
𝑐𝑐𝑐𝑐 − 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠 𝑔𝑔𝑠𝑠𝑐𝑐𝑠𝑠𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [𝑘𝑘𝑊𝑊ℎ] 

Self-consumption and on-site 
generation are integrated over 
summer months  

Describe the degree 
of the utilization of 
on-site energy 
generation related to 
the local energy 
demand (Salom et 
al., 2014). 
 Show the 
effectiveness of on-
site generation, how 
often demand is 
lower than supply 
and how often 
supply is lower than 
demand. 

On-site 
Energy 
Fraction 
(OEF) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [𝑘𝑘𝑊𝑊ℎ]
𝐸𝐸𝑐𝑐𝑠𝑠𝑔𝑔𝑔𝑔𝐸𝐸 𝑑𝑑𝑠𝑠𝑐𝑐𝑔𝑔𝑐𝑐𝑑𝑑 [𝑘𝑘𝑊𝑊ℎ]  

 

Self-consumption and energy 
demands are integrated over 
winter months  

Grid 
dependenc
y (Huang, 
Huang and 
Sun, 2018) 

𝛤𝛤𝑐𝑐𝑐𝑐𝛤𝛤𝑠𝑠𝑔𝑔 𝑠𝑠𝑒𝑒𝑐𝑐ℎ𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠 ≠ 0
𝛤𝛤𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑠𝑠

 

𝛤𝛤 : number of time 

Represents the 
frequency of either 
positive or negative 
power exchange 
between a building 
and the power grid. 

Capacity 
factor  
(Verbrugge
n and 
Driesen, 
2015) 

𝑠𝑠𝑐𝑐𝑠𝑠𝑔𝑔𝑔𝑔𝐸𝐸 𝑠𝑠𝑒𝑒𝑐𝑐ℎ𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠 𝛤𝛤𝑐𝑐𝑐𝑐ℎ
 𝑐𝑐ℎ𝑠𝑠 𝑔𝑔𝑔𝑔𝑐𝑐𝑑𝑑 [𝑘𝑘𝑊𝑊ℎ]

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
𝑐𝑐𝑔𝑔𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐𝐸𝐸 [𝑘𝑘𝑊𝑊] ∗ 𝑐𝑐𝑠𝑠𝑔𝑔𝑐𝑐𝑐𝑐𝑑𝑑[ℎ]

 

 

Indicates the total 
energy that has been 
exchanged with the 
grid (either supply to 
or import from the 
grid) in ratio to 
nominal connection 
capacity 

Define the design space  
Different design options, as shown in Table 3, are varied 
to form the design space. In order to satisfy different 
building standards, design options related to building 
envelopes such as window type, insulation level of 
envelopes and infiltration rates are altered at the same 
time and formed different renovation packages.  First 
renovation package, RP1, meets the energy label B 
requirements. RP2 is based on the current Dutch building 
standard (“Corner house (M)”). RP4 and RP5 can meet 
Dutch zero-energy buildings standard (“Corner house 
(M)”)and a Passive house standard in respect. Hence, the 
air to water heat pump system is sized for each building 
envelope package. Other design options such as size of 
PV system, size of electrical battery and type of DHW 
system are varied for all building envelope packages. 
PV panels with a module efficiency of 18% and an 
inverter with a conversion efficiency of 97.5% are chosen 
for the on-site energy generation system (“Canadian 
Solar”). The size of PV system is varied from 5m2 to 25 
m2 for all building envelope packages where the 
maximum size of PV system is limited by the available 
roof area on the south surface. Each panel has a gross 
surface area of 1.67 m2 and a peak capacity of 260 Wp. As 
it is shown in Table.3, the sizes of the electrical battery 
capacity (sonnenBatterie), with 2.5-3.3 kW charge and 
discharge power, is changed for each building envelope 
packages. 
Two different systems are assumed to meet the domestic 
hot water (DHW) needs, one is a standalone solar 
domestic hot water system with an electrical auxiliary 
heater and the other one is a gas boiler.  Both solar thermal 

collectors and photovoltaic panels are placed at a tilt angle 
of 43° facing south, which is also the slope of roof. 

Table 3. Considered Design parameter options  
Renovation 
package  

Refere
nce 

RP1  RP2  RP3  RP4 RP5 

RC-floor, m2k/W  1.3  2.5 3.5  5  6  10  
RC-wall, m2k/W  1.3  2.5  4.5  7  8.5  10  
RC-roof, m2k/W  1.3  2.5  6  8  10  10  
Window U value, 
W/m2K  

5.2, 
2.9  

1.8  1.43  1.01  0.86  0.52  

Window g value  0.81, 
0.75  

0.61  0.60  0.38 0.59  0.58  

Infiltration, 
dm3/sm2  

1 0.62 0.5 0.4 0.15 0.1 

ASHP nominal 
capacity, kWth 

9.1  7.4 6.0 4.9 4.0 3.5 

PV system, m2 5, 10, 15, 20, 25 

Electric battery, 
kWh 

0, 2.5, 5, 7.5, 10, 12.5, 15  

DHW system Solar thermal collector (STC)
 
, 

 HR 107 gas boiler (GB)  
 
In this study, the system supplies the required load by 
prioritizing first the electricity generation from PV panels 
and second from battery and finally from the grid. The 
surplus on-site generated energy will be supplied to the 
battery and in case that battery is full will be sent back to 
the grid. 

Define future scenarios 
Various types of support schemes are currently in 
operation in different countries. Most of the European 
countries have initially started with production-based 
support schemes like feed-in tariffs (FiT). In this scheme, 
the PV system owner receives a fixed rate for each unit of 
electricity (kWh) fed into the power grid.  Other support 
schemes are based on self-consumption support 
mechanisms where energy saving and the use of on-site 
generated electricity are rewarded instead of rewarding 
the export of electricity.  In these type of schemes, 
typically the exported electricity is sold at low prices 
whereas the price of the purchased electricity is high. 
Therefore, a mismatch between on-site generation and 
demand can cause a financial loss to the PV owner. Thus 
when these schemes are in place, it is beneficial for the PV 
owner to match the building's on-site electricity generation 
with the electricity demand as much as possible. 

The scenarios below are selected to give an overview of 
possible future policies ranging from production-based 
support to self-consumption based support schemes.  The 
considered scenarios are as follows: 

1. Net metering scenario:  energy  imported from grid 
and on-site produced energy exported to the grid 
are measured and their difference determines the 
electric bill, though negative bills might not be 
allowed. (Hirvonen et al., 2015).   

2. Guaranteed FiT: a fixed rate is paid for each unit 
of electricity generated and supplied to the grid.  

3. Self-consumption incentives: provide money if 
locally generated energy be used on-site, instead 
of being exported to the grid. 
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4. NO incentive: there will be no incentive for energy  
fed into the grid or used locally 

Table 4. Overview of the policy scenarios and rate of 
incentives used in this study  

Type of 
support 
scheme 

Policy 
scenario 

Rate of incentive (c€/ 
kWh) 

Electri
city 

price 
(c€/ 

kWh) 

 

Pr
od

uc
tio

n-
 b

as
ed

 
in

ce
nt

iv
e  

 
 
Net- metering  

    17.06  c€
kWh electricity fed

 to the grid 

 

As long as : 
 ∑ 𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐𝑠𝑠𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑𝑒𝑒𝑌𝑌𝑑𝑑𝑎𝑎𝑖𝑖   ≤
∑ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐𝑠𝑠𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑𝑒𝑒𝑌𝑌𝑑𝑑𝑎𝑎𝑖𝑖  

 

17.06 

Guaranteed 
FiT  

8.53  c€
kWh electricity fed

 back to grid

 17.06 

Se
lf-

co
ns

um
pt

io
n 

pr
om

ot
in

g  

Self- 
consumption 
based  

 17.06  c€
kWh electricity demand met

 by own generatio

  17.06 

 
No incentive  

0 𝑖𝑖€
kWh electricity either fed to 
the grid or consumed locally  

  17.06 

 

Performance prediction and analysis of the 
design solutions 
The performance of each design solutions is calculated for 
all four policy scenarios. However, in this section, first the 
results are described for the current energy policy 
scenario in The Netherlands, the net-metering scenario. 
The results for the other scenarios including the 
robustness analysis is presented in the next section. 

Performance under the current net-metering scenario 
Figure 2a shows the additional investment cost, the 
operational cost and the weighted over heating hours of 
all design solutions. Each dot represents the performance 
of a unique design solution, i.e., a unique combination of 
the building envelope and infiltration rate, PV system size 
and electrical storage capacity. To get a better insight of 
the design variants, RC-values of the walls, the size of PV 
system and electrical storage capacity are indicated with 
colors in the scatter plots in Figures 2b, 2c and 2d. 
The figures show that operational cost decreases with 
higher RC-values and lower infiltration rates, while  the 
number of overheating hours and additional investment 
cost increases. One can easily distinguishes the effect of 
the size of the PV system on the operational cost; 
however, the storage capacity does not influence the 
operational cost for this policy scenario. In this scenario 
the user will sell the surplus of on-site produced electricity 
to the grid at the same rate of buying from the grid. Hence, 
under this policy scenario, the grid is used as a virtual, 
unlimited electrical storage device. The designs with the 
variations in electrical storage capacities only differ in 
investment cost. 

Figure 2.The investment cost and operational cost for 
total energy consumption of all designs solutions under 

net-metering scenario 
Figure 3 shows the energy matching and grid interactions 
indicators of the design space against the operational cost 
and the additional investment cost. Comparing Figures 3a 
and 3b and the design parameter variations in Figures 2b, 
c and d, gives some insight about the self-consumption 
potential of each design solution. The designs with a small 
PV system reach a higher OEM regardless of the 
insulation level and infiltration rate of the building (which 
mainly decide the energy consumption of the designs). 
However, this happens at the expense of higher 
operational cost in comparison to the designs with larger 
PV systems. Designs with high insulation levels [8.5-10 
m2K/W] and low infiltration rates show better OEF, since 
these designs have a very low energy consumption, 
especially when they are equipped with high number of 
PV panels and a high electrical storage capacity. These 
designs operate at very low operational cost; however, 
they require very high investment cost. 

Figures 3c and 3d illustrate the performance of design 
solutions regarding the frequency and the magnitude of 
the traded power with the energy grid. Figure 3c shows 
the effect of the storage capacity on number of times that 
a design will interact with the grid; designs without 
electrical energy storage are almost fully dependent on the 
grid [grid dependency ≥0.9]. The figure shows that the 
dependency on the grid can be reduced to less than 0.5 for 
the buildings with low energy consumption [8-10 
m2K/W] accompanied with large PV systems [20-25 m2] 
and high storage capacities [10-15 kWh]. The high on-site 
energy generation can easily meet the demand of these 
buildings, while the high storage capacity helps to bridge 
the gap between demand and generation instead of 
exporting the surplus electricity to the grid. 

Designs with high insulation levels typically have low 
power consumption for space heating demand and 
consequently the sized air to water heat pumps have low 
power capacity. These designs along with a small sized 
PV system use the minimum capacity of the designed 
power with the grid as it can be observed in Figure 3d. 
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Figure 3. Performance indicators, investment cost and 
operational cost for total energy consumption of all 

design solutions under net-metering scenario. 
Overall, the designs with low RC-values and high 
infiltration rates show low overheating hours, but at the 
expense of high operational cost. Because of their high-
energy consumption, they utilize a higher ratio of on-site 
produced energy (high OEM). However, this is not enough 
to meet a noticeable amount of energy consumption (low 
OEF) and consequently they show high and frequent 
interaction with the grid to satisfy the demand. Similarly, 
the designs with high RC-values and low infiltration rates 
(e.g. passive house) are characterized by very low energy 
demand and higher overheating hours. These designs can 
reach high OEF and very low capacity factors. However, 
because of the low energy consumption, they do not utilize 
the on-site production efficiently (low OEM). The designs 
with intermediate RC-values [2.5-4.5m2K/W] and 
infiltration rates are having optimal performance in terms 
of thermal comfort and show moderate operational and 
investment costs. These designs can utilize on-site 
production efficiently to meet the demand when they are 
equipped with appropriately sized of PV systems and 
storage capacities.  

The Pareto solutions (the trade-off solutions; the solutions 
that perform equally good) can be calculated considering 
various sets of performance indicators. The dark blue 
colored dots in Figure 4.1 show the Pareto solutions in case 
the homeowner is only interested in operational cost, 
investment costs and thermal comfort. The cyan colored 
dots shows the Pareto solutions in case the homeowner 
only considers the energy matching and grid interaction 
indicators. As expected, these two sets of Pareto solutions 
are quite different under this net-metering scenario, since 
the scenario does not provide any (financial) incentive to 
the homeowner to invest in a house with low grid 
dependency. 

Building performance considering all policy scenarios 
The previous section showed that there was no incentive 
for the homeowner to consider low grid-dependency. 
However in the future the policy scenario is likely to 
change. This section shows the performance of the design 
solutions considering all four policy scenarios. 

Furthermore, it is discussed which design solutions are the 
most robust performing considering these scenarios. 

As discussed above, Figure 4.1 shows the two Pareto 
solution sets considering policy scenario 1. The Pareto sets 
for scenarios 2, 3 and 4 are presented in Figures 4.2, 4.3 
and 4.4. The figures show that the gap between the two 
Pareto sets is more significant in scenarios 1 and 2 (Figures 
4.1 and 4.2), which indicates that the solutions with low 
grid-dependency are not (financially) attractive to the 
homeowner under these production-based incentive 
policies. The reason is that, in these scenarios by selling 
back the produced energy to the grid, the homeowner can 
significantly reduce the operational cost. The two sets of 
Pareto solutions come closer in Figure 4.3, the self-
consumption based incentive, and even closer in Figure 
4.4, where there is no incentive at all. In these scenarios 
the more profitable designs for the homeowner are also the 
ones with higher self-consumption, i.e., lower grid-
dependency.  

Figure 4.Two sets of Pareto solutions are presented per 
graph: dark blue dots represent the Pareto solutions 

based on operational cost, investment cost and 
overheating hours. Cyan coloured dots represent the 

Pareto solutions based on the energy matching and grid 
interaction indicator 

Figures 5 and 6 present with colors the values of the 
design parameters for the solutions of both Pareto sets. 
The Pareto solutions based on additional investment cost, 
operational cost and overheating hours are represented 
with the coloured dots with light-grey edges (from here 
on refered to as the homeowner set). The Pareto solutions 
based on energy matching and grid interaction are 
represented with coloured dots with the black edges (from 
here on refered to as the energy flexibility set or EF set). 
These designs show a trade-off between thermal comfort 
and operational and investment cost. The Pareto solutions 
of the EF set show a larger variation of insulation levels; 
however, the majority of the designs is based on high 
insulation levels and low infiltration rates.  In production-
based incentive policies, Figure 5, the operational cost 
decreases with larger PV systems. 
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Since there is a financial compensation for every kWh of 
on-site produced electricity fed into the grid, the solutions 
in the homeowner set show zero storage capacities and 
large PV systems. Figure 6 shows that in the self-
consumption-based policies, the size of storage capacity in 
homeowner Pareto set increases with the size of PV system 
in order to increase the self-consumption of on-site 
produced electricity consequently reducing the operational 
cost. 

Future-proof building designs with low grid 
dependency considering all policy scenarios 
Some design parameters can be replaced relatively easy at 
any time, such as the size of the electrical storage, while 
some other design parameters are not easy to change after 
the renovation, such as the building insulation level. 
Accordingly, it is useful for the homeowner to understand 
how robust each design option performs across the policy 
scenarios. This information is provided by calculating the 
performance regret for each solution. Figure 7 shows the 

influence of a chosen design parameter value on the 
predicted performance of the other homeowner Pareto set 
solutions.  

Each boxplot show the performance spread for a design 
parameter value caused by variations in all the other design 
parameters and by the scenarios. For example, the first 
boxplot (RP1-STC) is the building design with Renovation 
Package 1 (RP1) equipped with a Solar Thermal Collector 
(STC) connected to the DHW system. The performance 
spread is caused by the variations in the remaining design 
parameters, in this case by the PV system sizes and the 
battery sizes. The figure shows that the performance regret 
of the operational cost decreases with larger sized PV 
systems and larger electrical storage capacities (bottom 
graph), which is because by the increase in utilization of 
on-site produced electricity. It can also be observed that 
designs with a gas boiler DHW system result in lower 
performance regrets across the considered scenarios for 
RP3 and RP4 in comparison to designs with solar DHW 

Figure 6. Two sets of Pareto solutions for the self-
consumption-based incentive policies (scenarios 3 and 

4). Dots without edge represent solutions based on 
additional investment cost, operational cost and 
overheating hours. Dots with black edged-lines 

represent solutions based on energy matching and grid 
interaction. 

Figure 5. Two sets of Pareto solutions for the 
production-based incentive policies (scenarios 1 and 2). 

Dots without edge represent solutions based on 
additional investment cost, operational cost and 

overheating hours. Dots with black edged-lines represent 
solutions based on energy matching and grid 

interactions. 
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system. Designs with higher insulation level and lower 
infiltration rates have generally lower space heating 
demands, hence the share of energy consumption due to 
DHW demands are getting more weight in total energy 
consumptions.Hence, the designs with higher insulation 
level can get lower variations of operational cost and 
consequently lower operational cost regrets with gas boiler 
DHW system. 

The bottom graph of Figure 7 shows that designs with 
building envelope RP1 have larger variations of the 
performance regret for operational cost compared to the 
designs with building envelope RP5. This indicates that 
the operational cost of RP5 is more robust across the 
considered scenarios. However, it requires higher 
additional investment costs compared to other packages 
(refer to top graph of Figure 7).  

The homeowner might prefer the building envelope RP2 
equipped with solar DHW system, which has similar regret 
variation as RP3 and RP4 with solar DHW, but it requires 
a lower additional investment cost. Considering variations 
in operational cost and corresponding performance regrets, 
the homeowner would prefer larger PV systems and larger 
electrical storage systems. 

Figure 8 shows the influence of a chosen design parameter 
value on the predicted performance of the EF Pareto set 
solutions. Note that some design parameter values are not 
included in any of the Pareto solutions, e.g., the battery 
size of 0 kWh. The figure indicates that designs with 
intermediate insulation levels [2.5-4.5 m2K/W] result in a 
higher range of operational cost and higher operational 
cost regrets in comparison to same design options in the 
homeowner Pareto set. The EF Pareto solutions are 
equipped with electrical storage capacities of 5 kWh or 
higher. As mentioned, low electrical storage capacities [0-
2.5 kWh] are not included in this set of Pareto solutions. 
High electrical storage capacities are not as robust as in the 
homeowner Pareto set (compare to Figure 7). However, in 

the EF Pareto set the variations of operational cost and its 
corresponding regrets can be reduced with higher size of 
PV systems. As is shown in Figure 8, the larger PV 
systems result in very low performance regret for 
operational cost in expense of high investment costs. 

Overall, considering variations in operational cost and 
corresponding performance regrets, designs with high 
insulation levels [8.5 m2K/W], large PV systems [25 m2] 
and high storage capacities [15kWh] are dominating the 
EF Pareto set, however because of the high additional 
investment cost these solutions might not be the 
homeowner’s preferred design solutions. 

Conclusion 
This paper presents a simulation based design 
optimization methodology in identifying building designs 
with improved energy flexibility potential to increase the 
utilization of on-site generated energy and to reduce the 
dependency to the energy grid. This methodology 
integrates uncertainties due to policy scenarios in multi 
criteria assessment to aid decision makers in selection of 
robust design options. 
 Results show that proposed methodology provides 
decision maker information to trade off investment in 
improving building insulation levels with the other design 
options like electrical storage and PV system. In addition, 
decision maker (as here is homeowner) can choose design 
options that are more robust to the preferred performance 
indicators.  
As it is observed in this case study, energy flexible 
designs able to provide higher self-consumption and 
lower dependency to the grid are more expensive for 
homeowners specifically in policy scenarios providing 
incentives to on-site produced energy. However, these 
designs are more profitable in probable future policy 
scenarios promoting self-consumption.    

Figure 8.The boxplots show the performance spread for 
a design parameter value caused by variations in all the 

other design parameters and by the scenarios. The 
presented solutions are from the EF Pareto set. 

Figure 7.The boxplots show the performance spread for 
a design parameter value caused by variations in all the 

other design parameters and by the scenarios. The 
presented solutions are from the homeowner Pareto set. 
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Further work will aim at extending the proposed 
methodology to assess the performance of groups of 
residential buildings considering energy flexibility 
potential in increasing local self-consumption and in 
reducing grid dependency.  
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Abstract

The intermittency of renewable electricity generation
and the increasing peak demand due to electric mo-
bility pose challenges to the electric grid operation.
Demand side flexibility (DSF) is becoming an im-
portant technique to counter these challenges, where
the air-conditioning demand of commercial buildings
has a particularly high potential to serve as a flex-
ible load. This paper proposes demand controlled
ventilation (DCV) as a method to increase the DSF
of air-conditioned commercial buildings. Two DCV
strategies are proposed based on (1) occupancy-based
ventilation according to ASHRAE Standard 62.1 and
(2) an indoor air quality (IAQ) model. The in-
crease/changes in DSF are quantified for both the
strategies. For a test case comprising a zone of an
office building in Singapore, both DCV strategies are
shown to increase the DSF when compared to a con-
servative ventilation strategy. For instance, the IAQ-
based DCV strategy allows for scheduling strategic
reserves six-fold higher than the conservative ventila-
tion strategy.

Introduction

The increasing share of non-controllable renewable
energy sources in the electricity generation mix makes
matching demand and generation capacities increas-
ingly difficult. At the same time, the introduction of
electric mobility could create peak loads that exceed
the local grid hosting capacity. Demand side flexibil-
ity (DSF) is becoming an important tool to mitigate
these challenges. In micro grids, DSF could lower the
stress on storage facilities, thus decreasing their cost
and improving feasibility (Atia and Yamada (2016)).

Studies have shown that commercial buildings can
provide DSF through their heating, ventilation and
air-conditioning (HVAC) systems, due to the inher-
ent thermal energy storage capacities of buildings
(Hanif et al. (2017)). The scheduling problem of the
HVAC system can be formulated as an inter-temporal
optimization problem aimed at minimizing the op-
erational costs, i.e., energy costs, subject to com-
fort requirements, enabling DSF with indirect control
through the energy price. However, the requirement
to provide a fixed amount of outdoor air to ensure

sufficient indoor air quality (IAQ), e.g., according to
ASHRAE Standard 62.1, is observed to be a key lim-
itation for load flexibility (fig. 3).

To this end, demand controlled ventilation (DCV) is
proposed to increase DSF. As cooling and ventilation
needs can make up to 60 % of the energy consump-
tion in commercial buildings in Singapore (Chua et al.
(2013)), DCV was first developed as a way to reduce
energy consumption by adapting the outdoor airflow
rate to the current room conditions, while maintain-
ing IAQ in a comfortable range (Laverge et al. (2011);
Pantazaras et al. (2018); Ng et al. (2011)). However,
as the ventilation requirements are alleviated, some
DCV strategies enable ventilation loads to be shifted
over time and may thus increase the DSF.

The main contribution of this paper is to analyze
DCV as a method to increase the DSF of air-
conditioned commercial buildings. To this end, firstly
a thermal building model is formulated along with an
optimization framework that aims at minimizing the
operation costs subject to comfort constraints. Sec-
ondly, two DCV strategies are proposed, based on
(1) occupancy-based ventilation and (2) IAQ-based
ventilation, with an IAQ model being derived from a
grey clustering model of indoor air. Thirdly, numer-
ical indicators for quantifying DSF are introduced,
based on forced operation, price sensitivity and re-
serves scheduling. Lastly, a test case based on an
office in Singapore is introduced. The change in DSF
due to the DCV strategies is evaluated and discussed.

Control framework

This paper focuses on DSF in the HVAC systems of
office buildings assuming a dynamic electricity tar-
iff. This section first introduces the market model
along with the optimal scheduling problem. Then,
the mathematical formulation of the building model
is developed.

Optimal scheduling problem

The National Electricity Market of Singapore
(NEMS) is adopted in this work. As part of the Singa-
pore Open Electricity Market initiative, all consumers
will be able to purchase electricity at the half-hourly
wholesale market rates. In the following is assumed
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that the energy price forecast celct is perfectly known
and does not depend on the building load schedule
ut. The total cost of the building operation j(u) is
calculated on the basis of a discretization time step
∆t, over a finite horizon nt:

j(u) =
∑
t∈T

celct ||ut||∆t (1)

The optimal load schedule is obtained by minimizing
the operation costs j(u) over the horizon T , with
respect to the comfort and operational constraints
ymin and ymax. Therefore the numerical optimiza-
tion problem can be expressed as:

min
ut

j(u) (2)

s.t. ymin ≤ yt ≤ ymax (2a)

Thermal building model

In this work, the thermal comfort is expressed in
terms of the indoor air temperature. Hence, the
thermal building model expresses the relationship be-
tween the indoor air temperature, the electric load of
the HVAC system, the local weather conditions and
the building occupancy. The indoor air temperature,
i.e. zone temperature, within each zone is assumed
to be uniformly distributed.

The differential equation of the zone temperature Tz
of zone z is expressed as:

dTz
dt

=
Q̇z

Cth
z

∀z ∈ Z (3)

Where Q̇z is the sum of all heat fluxes towards zone z
and Cth

z is the thermal heat capacity of zone z. The
symbol Z is the set of all zones z. An equivalent
formulation for the temperature Ts of the surfaces s
is omitted here for the sake of brevity.

Ground heat transfer is omitted in the following, be-
cause the considered test case comprises the interme-
diate storey of an high-rise building, where adiabatic
surfaces are assumed for ceiling and floor.

Exterior surfaces

Exterior surfaces are modelled as two thermal resis-
tances with a centered heat capacitance between the
exterior and zone z. Each surface s is adjacent to
exactly one zone z. The heat transfer across exterior
surface s is described by the balance equation for the
exterior side:

Q̇cnv,ext
s + Q̇irr,ext

s − Q̇ems,sky
s − Q̇ems,gnd

s = Q̇ext,sur
s

(4)

Where Q̇cnv,ext
s is the convective heat transfer from

the exterior towards surface s, Q̇irr,ext
s is the incident

irradiation onto surface s, Q̇ems,sky
s and Q̇ems,gnd

s are
the emitted radiation from surface s towards the sky
and the ground. The symbol Q̇ext,sur

s describes the
heat transfer from the exterior towards the center of
the surface.

The balance equation for the interior side of surface
s is expressed as:

Q̇sur,int
s = Q̇cnv,int

s,z − Q̇irr,int
s (5)

On the interior side, Q̇sur,int
s is heat transfer from the

center towards the interior side of the surface, Q̇cnv,int
s,z

is the convective heat transfer from the interior side
of surface s towards zone z and Q̇irr,int

s is the inci-
dent irradiation reaching surface s through exterior
windows adjacent to the same zone z.

The exterior convective term Q̇cnv,ext
s is expressed as:

Q̇cnv,ext
s = Ash

ext
(
T amb − T sur,ext

s

)
(6)

Where As is the surface area of surface s and hext

is the exterior heat transfer coefficient which is given

according to ISO 6946 as hext =
(
0.04 m2 K W−1

)−1
.

The symbol T amb is the ambient temperature and
T sur,ext
s is the exterior surface temperature of surface
s.

The exterior irradiation term Q̇irr,ext
s is expressed as:

Q̇irr,ext
s = Asαsq̇

irr,ext
d , d = d(s) (7)

Where αs is the absorption coefficient of surface s as-
suming a uniform absorption across the spectrum of
the incident irradiation. The symbol q̇irr,extd is the
total incident irradiation onto a surface oriented to-
wards direction d = {N,E, S,W}, i.e., vertically fac-
ing North N , East E, South S, West W or horizon-
tally facing upwards H, depending on the respective
surface’s orientation d = d(s).

The exterior sky emission term Q̇ems,sky
s describes the

radiative heat loss through emission towards the sky.
The term is expressed as:

Q̇ems,sky
s = Ash

sky
s

(
T sur,ext
s − T sky

)
(8)

In this linear approximation, the symbol hskys is intro-
duced as the sky heat transfer coefficient of surface s,
whereas T sky is the sky temperature. The sky heat
transfer coefficient hskys in turn is defined as:

hskys = 4σεsF
sky
d

(
T sur,ext,lin
s + T sky,lin

2

)3

(9)

Where σ, εs and F sky
d are the Stefan-Boltzmann con-

stant, the surface emission coefficient of surface s for
long-wave radiations and the view factor of direction
d(s) towards the sky. The temperatures T sur,ext,lin

s
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and T sky,lin are linearization constants that are de-
fined as the average values of T sur,ext

s and T sky.

The term F sky
d is defined as F sky

d = 0.5 for d ∈
{N,E, S,W} and F sky

d = 1 d = H.

The exterior ground emission term Q̇ems,gnd
s radiative

heat loss through emission towards the ground as well
as the built environment. The term is expressed sim-
ilar to Q̇ems,sky

s as:

Q̇ems,gnd
s = Ash

gnd
s

(
T sur,ext
s − T amb

)
(10)

Where hgnds is introduced as the ground heat trans-
fer coefficient of surface s, whereas T amb is the ambi-
ent temperature. The ground heat transfer coefficient
hgnds in turn is defined as:

hgnds = 4σεsF
gnd
d

(
T sur,ext,lin
s + T amb,lin

2

)3

(11)

Where F gnd
d is the view factor of direction d(s) to-

wards the ground. The temperatures T sur,ext,lin
s and

T amb,lin are linearization constants that are defined
as the average values of T sur,ext

s and T amb. The term

F gnd
d is defined as F gnd

d = 0.5 for d ∈ {N,E, S,W}
and F gnd

d = 0 d = H.

The interior convective term Q̇cnv,int
s,z is expressed

applying eq. 6 to hintd , T sur,int
s and T z, which are

the interior heat transfer coefficient, the interior
surface temperature of surface s and the zone air
temperature. The interior heat transfer coefficient
hintd is defined according to ISO 6946 as hintd =(
0.13 m2 K W−1

)−1
for d ∈ {N,E, S,W} and hintd =(

0.17 m2 K W−1
)−1

for d = H.

The interior irradiation term Q̇irr,int
s is expressed ap-

plying eq. 7 to q̇irr,intz , which is the interior irradiation
incident to all surfaces of zone z. The interior radia-
tion q̇irr,intz is in fact the irritation which has entered
zone z by passing through adjacent windows and is
assumed to be uniformly distributed to all surfaces.
This term is expressed as:

q̇irr,intz =

∑
w∈Wz

Awτw q̇
irr,ext
d(w)∑

s∈Sz As

(12)

Where τw is the transmission coefficient of window
w. The sets Wz and Sz contain all windows w and
surfaces s that are adjacent to zone z.

Finally, the coupling terms Q̇ext,sur
s and Q̇sur,int

s are
defined:

Q̇ext,sur
s = As2hs

(
T sur,ext
s − Ts

)
Q̇sur,int

s = As2hs
(
Ts − T sur,int

s

) (13)

Where hs is the heat transfer coefficient through sur-
face s and Ts is the mean surface temperature, i.e.,

the temperature at the center of the surface s. For
surfaces with a neglectable heat capacity, e.g., win-
dows, the relationship simplifies to:

Q̇ext,int
s = Ashs

(
T sur,ext
s − T sur,int

s

)
(14)

Equations (4) to (13) and (14) define an overdeter-
mined equation system, such that the surface temper-
atures T sur,ext

s and T sur,int
s can be eliminated. The fi-

nal equations are omitted here for the sake of brevity.

Interior surfaces

Interior surfaces are modelled by applying interior
surface balance equation (eq. 5) for both sides of the
surface.

Infiltration

The heat transfer towards zone z due to infiltration
Q̇inf

z is defined as:

Q̇inf
z = VzC

th,airninfz

(
T amb − Tz

)
(15)

Where Vz is the volume of zone z, Cth,air is the heat
capacity of air and ninfz is the infiltration rate.

Occupancy gains

Assuming perfect knowledge of the building occu-
pancy schedule, the heat transfer towards zone z due
to occupancy gains Q̇occ

z , i.e., internal gains, is ex-
pressed as:

Q̇occ
z = Az q̇

occ
z (16)

Where Az is the area of zone z and q̇occz is the specific
thermal gain due to occupancy.

HVAC system

The heat transfer towards zone z from the HVAC
system Q̇hvac

z is expressed as:

Q̇hvac
z = ηhvacPhvac,el

z (17)

Where ηhvac is the efficiency factor of the HVAC sys-
tem and Phvac,el

z is the electric power consumption of
the HVAC system associated with thermal demand
supplied at zone z.

State space model

The state space formulation of the thermal building
model is obtained by arranging the model variables
into vectors and the model parameters into the ap-
propriate matrices:

ẋ = Ax + Buu + Bvv

y = Cx + Duu + Dvv
(18)

The matrices A, C are the state and output matrix,
and Bu, Du, Bv, Dv are the input and feed-through
matrix, on the control and disturbance vector respec-
tively. The vectors x, u, v, y are the state, input,
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disturbance and output vectors. The model variables
are arranged into the vectors as follows:

x = [Tz, Ts]
ᵀ

u =
[
PHVAC,el
z

]ᵀ
v =

[
T amb, q̇irrd , q̇occz

]ᵀ
y =

[
Tz, p

HVAC,el
z

]ᵀ
(19)

Lastly, the discrete thermal building model in the
state space form is obtained by application of zero-
order hold discretization:

xt+1 = Atxt + Bu,tut + Bv,tvt

yt = Ctxt + Du,tut + Dv,tvt

(20)

Where ()t denotes variable instances at time step t.
Note that all matrices are time-dependent to permit
the use of time-dependent linearization parameters.

Demand controlled ventilation

In the first part of this section, the baseline fixed
ventilation strategy is introduced. Then, two DCV
strategies are presented: an occupancy-based strat-
egy developed from international standards and an
IAQ-based strategy developed along with an IAQ
model.

Fixed ventilation strategy

Ventilation in commercial buildings is meant to en-
sure good indoor air quality (IAQ), which has signif-
icant effects on productivity at work and occupants’
health (Satish et al. (2015); Fanger (2006)). In con-
servative ventilation strategies, the outdoor airflow
rate is fixed based on the designed occupancy rate of
the respective zone and does not depend on the actual
occupancy rate during operation. Therefore, HVAC
systems have to constantly provide a fixed amount of
outdoor air. This strategy is defined by constrain-
ing the outdoor airflow rate V̇z in zone z by a fixed
minimum requirement V̇ min

z , which is the minimum
outdoor airflow rate in the zone to maintain the de-
sired IAQ:

V̇z ≥ V̇ min
z (21)

Occupancy-based strategy

The purpose of outdoor air ventilation is to dilute
indoor pollutants, which can be emitted either from
(1) occupants and (2) building materials. ASHRAE
Standard 62.1 defines the minimum outdoor airflow
rate according to the building occupancy and the
building size, as a sum to account for both kinds of
pollution. The occupancy-based strategy is defined
by constraining the ventilation rate at zone accord-
ing to:

V̇z,t ≥ V̇ min,occ
z,t = v̇occnoccz + v̇blgAz (22)

Where v̇occ, v̇blg are the specfic outdoor airflow rate
per person and per area respectively. The symbols
noccz,t and Az are number of occupants in the zone z
at time step t and the floor area of zone z. Values
for v̇occ and v̇blg are derived according to ASHRAE
Standard 62.1. With this strategy, the minimum out-
door airflow rate V̇ min,occ

z,t varies dynamically with the
occupancy.

IAQ-based strategy

IAQ modelling is particularly challenging due to
the number of indoor pollutants found in buildings
(Fanger (2006)). Studies have quantified the impact
on human health only for a few single indoor pol-
lutants, and those impacts may be enhanced when
the pollutants are combined. However, a simplified
model can be formulated by understanding the cor-
relations within pollutants with similar behaviour,
which can then be clustered according to Zhu and
Li (2017) into: (1) pollutants from outdoors (respira-
tory particles), (2) pollutants from building materials
(Formaldehyde, HCHO) and (3) pollutants from hu-
man metabolism (CO2, microorganisms). Pollutants
from group (1) are treated with particle filters and
other techniques and do not influence the outdoor air-
flow requirement, whereas pollutants from group (2)
and (3) are diluted through outdoor air ventilation.
Since pollutants from group (2) are related to building
materials, this paper assumes a constant requirement
to remove such pollutants which only depends on the
zone area Az, similar to eq. 22:

V̇ min,bld
z = v̇bldAz (23)

Since pollutants within each cluster are correlated,
one pollutant can be chosen as the reference for each
cluster (Zhu and Li (2017)). The reference pollutant’s
behaviour would depict the group’s behaviour and
consequently the current level of IAQ. In our model,
CO2 is chosen as the reference pollutant for group
(3). ASHRAE Standard 62.1 defines the maximum
CO2 concentration to ensure good IAQ at 700 ppm
above outdoor concentration, i.e. around 1100 ppm
when considering an outdoor CO2 concentration of
400 ppm.

In office buildings, the main source for CO2 is hu-
man activity. The CO2 generation rate per person
G depends on the basal metabolic rate, which varies
with age, sex and body mass, of the occupants and
their level of physical activity. For office work, G
ranges between 0.0041 L/s and 0.0056 L/s (Persily
and de Jonge (2017)). Assuming a large number of
occupants, this paper approximates the mean CO2

generation rate for office work at 0.0049 L/s. Assum-
ing constant air density, the mass balance for CO2 at
zone z volume yields:

Vz
dcCO2

z

dt
= Gnoccz + V̇zc

CO2,amb − V̇zcCO2
z (24)
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Figure 1: Relative error for V̇ lin
z = 0.9 L s−1 m−2,

∆t = 30 min.

Where Vz is the zone volume and cCO2,amb, cCO2
z are

the concentration of CO2 in the ambient outdoor air
and the zone air respectively. For the sake of brevity,
this paper defines cCO2

z as the CO2 concentration in
zone air minus the CO2 concentration in the ambient
outdoor air. The number of occupants noccz can be de-
termined either with a attendance counter, with an
indoor positioning system or even with CO2 sensors
that derive the occupancy from measured concentra-
tions (Ng et al. (2011); Wang et al. (2017)).

The CO2 model (eq. 24) is linearized according to:

dcCO2
z

dt
=
Gnoccz

Vz
− V̇ lin

z cCO2
z

Vz

− V̇zc
CO2,lin
z

Vz
+
V̇ lin
z cCO2,lin

z

Vz

(25)

Where V̇ lin
z and cCO2,lin

z are the linearization points
for the outdoor airflow rate and the CO2 concentra-
tion.

The linearized IAQ model can then be incorporated
into the building model’s state-space equation (20)
and discretized along with it. The optimization prob-
lem (eq. 2) is completed with the IAQ constraints
cCO2
z ≤ cCO2,max and V̇z ≥ V̇ min,bld

z .

IAQ modelling error

According to ASHRAE Standard 62.1, good IAQ is
ensured for CO2 concentrations varying from 0 to
700 ppm above ambient CO2 concentration. Be-
cause of the large interval of allowable CO2 concen-
trations, the linearized model (eq. 26) may yield non-
neglectable errors.

As a starting point, the linearized, discretized CO2

model is expressed as:

ĉCO2
z,t+1 = ĉCO2

z,t +

(
e−

V̇ lin
z
Vz
·∆t − 1

)
·
(
ĉCO2
z,t +

cCO2,lin

V̇ lin
z

· V̇z,t − cCO2,lin − Gnocc,linz

V̇ lin
z

)
(26)

Let ε be the relative error around the linearization
point V̇ lin

z . A first order approximation around V̇ lin
z

yields:

ε =
cCO2
z,t+1 − ĉ

CO2
z,t+1

V̇z,t − V̇ lin
z

=
e−

V̇ lin
z
Vz
·∆t

V̇ lin
z

(
Gnoccz,t

V̇ lin
z

− cCO2,lin

)
+ e−

V̇ lin
z
Vz
·∆t ∆t

Vz

(
Gnoccz,t

V̇ lin
z

− cCO2
z,t

)
− 1

V̇ lin
z

(
Gnoccz,t

V̇ lin
z

− cCO2,lin

)
(27)

From eq. 27, the linearization point cCO2,lin is defined
such that the latter terms of eq. 27 vanish:

cCO2,lin =
Gnocc,linz

V̇ lin
z

(28)

Where nocc,linz becomes the linearization point for the
number of occupants, such that the model remains
linear. The resulting error is depicted in fig. 1. The
chosen linearization approach for the IAQ model is
only suited for small variations in the CO2 concen-
tration. To mitigate the dependency on the chosen
linearization point, a robust optimization approach
can be considered, but is excluded from this paper
for the sake of clarity and brevity.

Flexibility indicators

This section introduces three flexibility indicators in
order to quantify the change in DSF due to demand
controlled ventilation strategies. Three kinds of flexi-
bility indicators are presented: forced operation flex-
ibility, deviation flexibility and reserves.

Forced operation flexibility

Since DSF is intended to shift loads from one time
period to another, the first indicator quantifies the
maximum load that can be deferred for a given time
period while evolving within the system operation
constraints.

Let ubas be the baseline load schedule, which is the
energy optimal operation, solution of eq. 2. The time
period considered for estimating flexibility is [t1, t2],
and the flexibility indicator ft1,t2 is the maximum
percentage of the baseline that can be shifted over the
time period [t1, t2], i.e., it is shifted from t1 towards
t2. The optimization problem to determine ft1,t2 is
formulated as:

max
ut

ft1,t2 (29)

s.t. (2a), (20) (29a)

||ut|| = (1− ft1,t2)||ubas
t || ∀t ∈ [t1, t2] (29b)

This procedure can be iterated and averaged over dif-
ferent time periods to obtain an average value of the
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flexibility indicator.

Deviation flexibility

Considering indirect control through energy prices,
a flexible load operator will determine its operation
schedule by minimizing its energy costs (as in eq. 2).
Therefore, the deviation flexibility describes the price
sensitivity of the flexible load, i.e. how the load reacts
to price changes. Assuming the nominal operations
are obtained with a flat price, the flexibility indica-
tor is defined as the load variation at time step t in
response to a change in energy price at t.

Let unom
t be the nominal operations obtained with

a flat price, and u∆c,t the optimal operations after
a change in energy prices ∆c at time step t. The
flexibility indicator d∆c,t is defined as:

d∆c,t =
||u∆c,t|| − ||unom

t ||
||unom

t ||
(30)

This procedure can be iterated over t and ∆c and
averaged over t.

Reserve flexibility

Due to their thermal inertia, buildings are able to
vary their power consumption rapidly with minor
changes on the comfort, and therefore to provide
high-quality demand-side reserves. For a given re-
serve price, buildings would schedule their load and
reserves, and the load would be curtailed if the re-
serves are called upon. Under the Demand Response
programme of NEMS, the building would be paid for
the availability of reserves, rather than on their acti-
vation.

An optimization problem can be formulated to sched-
ule reserves along with the loads. Let uc and unc be
the curtailed and non-curtailed loads respectively. In
Singapore, the scheduled reserves are reserves down,
therefore the amount of reserves paid is the difference
between the non-curtailed and the curtailed load.
The new cost of operations ju,r can be modeled ac-
cordingly.

ju,r(u) =
∑
t∈T

(
celct ||unc

t || − crest rt
)

∆t (31a)

rt = ||unc
t || − ||uc

t || (31b)

Scheduled reserves rt are paid at the reserve price
cres. The optimal reserve scheduling problem ensures
that both the non-curtailed nc and the curtailed c
trajectories remain within the constraints:

min
ut,rt

ju,r(u) (32)

s.t. xc
t+1 = Atx

nc
t + Bu,tu

c
t + Bv,tvt (32a)

yc
t = Ctx

c
t + Du,tu

c
t + Dv,tvt (32b)

xnc
t+1 = Atx

nc
t + Bu,tu

nc
t + Bv,tvt (32c)

ync
t = Ctx

nc
t + Du,tu

nc
t + Dv,tvt (32d)

ymin ≤ yc
t ≤ ymax (32e)

ymin ≤ ync
t ≤ ymax (32f)

rt = ||unc
t || − ||uc

t || (32g)

The vectors xc
t , y

c
t , xnc

t and ync
t are the curtailed and

non-curtailed state and output vectors at time step
t, respectively. The flexibility indicator r∗ is defined
as:

r∗celc,cres,t =
rt

||ubas
t ||

(33)

The procedure can be iterated over t and cres and
averaged over t.

Test Case

The presented DCV startegies are evaluated for one
storey of approx. 750 m2 at the CREATE Tower in
Singapore. The level is entirely occupied by an open-
plan office.

Thermal model parameters

The geometric information of zones and surfaces are
derived from the architectural drawings of the test
case. Based on the building documentation, the ther-
mal building model parameters in table 1 are defined.
The number of occupants ṅoccz and occupancy gains
q̇occz have been recorded for the test period.

Table 1: Thermal model parameters.

Parameter Value
hs (ext./int. surf. type 1) 0.54 W K−1 m−2

hs (ext./int. surf. type 2) 3.85 W K−1 m−2

αs (all surfaces) 0.3

εs (all surfaces) 0.87

τw (ext. windows) 0.2

Cth
z 1.21 kJ K−1 m−3

Cth
s (ext./int. surf. type 1) 91.5 kJ K−1 m−3

Cth
s (ext./int. surf. type 2) 810 kJ K−1 m−3

ninfz 0.2 h−1

ηhvac 4

T sur,lin
s 35 ◦C

T sky,lin 17 ◦C

T amb,lin 30 ◦C

IAQ model parameters

Parameter values for the DCV startegies and IAQ
model are chosen according to table 2.
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Table 2: IAQ model parameters.

Parameter Value

v̇occ 2.5 L/s/person

v̇blg 0.3 L s−1 m−2

nocc,linz 90

V̇ lin
z 0.9 L s−1 m−2

Weather data

Weather data is obtained from a nearby weather sta-
tion at the campus of the National University of
Singapore (NUS). The sky temperature T sky is de-
fined by an approximation for tropical climate as
T sky = T amb − 13 K according to ISO 52016-1.

Energy price data

The electricity price and reserve price of the National
Electricity Market of Singapore (NEMS) from 2 Jan-
uary 2017 are used for this test case (Figure 2). For
the deviation flexibility indicator the mean value of
the electricity price is taken as the flat price.

Comfort constraints

The thermal comfort and IAQ constraints are given
in table 3. For DCV strategies, also refer to the re-
spectively defined constraints above.

Table 3: Comfort constraints.

Parameter Min. value Max. value

cCO2
z - 700 ppm

Tz 20 ◦C 25 ◦C

Results and discussion

The building energy consumption over a day for each
of the three different strategies are given in Table 4.
Energy savings from DCV approaches are approxi-
mately of 55 % versus the fixed ventilation strategy,
which is coherent with the 5 % to 80 % range of
savings that can be found in literature (Schell and
Inthout (2001)).

Table 4: Total electricity consumption over 24 h.

No DCV
Occ.-based

DCV
IAQ-based

DCV

353 Wh/m
2

149 Wh/m
2

169 Wh/m
2

Figure 4 exhibits a range of price variations for which
the deviation flexibility indicator remains at zero,
which indicates that there is no change in the build-
ing load schedule. Because of the losses, a shifted
load increases in size, and consequently the cost rises.
Therefore, it may not be economically interesting to
shift a load for a small ∆c, as the increase in load due
to losses would be more expensive than the expected
gains. The price variation that triggers the load shift-
ing is hence of high interest to quantify how flexible
a building is. As the scheduling of reserves involves
load shifting as well, Figure 4 exhibits a reserve price
below which reserves are not scheduled.
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Figure 2: Prices from NEMS.
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Figure 3: Forced flexibility indicator.

Figures 3, 4 and 5 depict the estimated flexibility in-
dicators for the three control strategies. The IAQ-
based DCV strategies proves to be the most flexible
for each indicator. This strategy is the one that needs
the smallest price variation to trigger a change in the
loads (Figure 4), as well as being the one that sched-
ules reserves at the smallest reserve price (Figure 5).

The occupancy-based DCV strategy and the fixed
ventilation strategy are both defining a minimum
level of ventilation, instead of an IAQ allowable range.
Therefore ventilation loads are fixed at this minimum
value, and are not able to be shifted over time. For in-
stance, these two strategies provide similar amounts
of reserves: the different values of their reserve indi-
cator is mainly a consequence of the 58 % difference
in their baseline.

The analysis of reserves scheduling with high reserve
prices reveals two side effects. First, reserves schedul-
ing induces a non-neglectable change in the baseline
load schedule. The IAQ-based DCV strategy com-
bined with a reserve price multiplier of 5 provides
27 % of the baseline as reserves, along with an 11 %
increase in the baseline. Indeed, DSF is provided at
the expense of energy consumption. Second, the re-
serve price shall remain lower than the energy price.
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Figure 4: Deviation flexibility indicator.
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Figure 5: Reserve flexibility indicator.
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Figure 6: Baseline variation with reserve price.

In the opposite case, the building optimal set of op-
erations is to use as much energy as possible, which
would be counterproductive in providing flexibility to
the grid. The sudden baseline increase obtained for
a reserve price higher than the energy price is shown
Figure 6. Once the energy price is reached, the build-
ing maximizes its energy consumption, which is in
this example twice as high as the regular optimal en-
ergy consumption.

Conclusion

This paper introduced methods for increasing the
DSF of commercial buildings with DCV, by consid-
ering ventilation as a comfort constraint rather than
as a fixed requirement. Two DCV strategies were de-
fined and the change in DSF for each strategy was
evaluated. As indicators for DSF, the forced opera-
tion, price sensitivity and reserve scheduling indica-
tors were formulated. The IAQ-based DCV strategy
has proved to be the strategy which provides the most
DSF. Therefore, buildings operators which are look-
ing into DSF-enabled building control should consider
the installation of IAQ sensing or occupancy detec-
tion equipment such that a higher DSF can be uti-
lized.
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Nomenclature

Let R be the domain of real numbers. Non-bold let-
ters x, X denote scalars R1×1, bold lowercase letters
x denote vectors Rn×1 and bold uppercase letters X

denote matrices Rn×m. The numbers 0 and 1 denote
vectors or matrices of zeros and ones of appropriate
size. The transpose of a vector or matrix is denoted
by ()ᵀ. Symbols for physical properties are aligned
with ISO 80000.
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Abstract 

With the development of smart cities models, an electric 

market with variable hourly costs will be available. For a 

reference building-plant system with radiant emitters 

supplied by electric heat pumps simulated in TRNSYS 18, 

energy, economic and comfort evaluations have allowed 

to investigate on the role of the building thermal mass to 

manage the mismatching between favourable electric 

costs and thermal loads request. A parametric study was 

carried out by varying the thermal mass of external walls, 

the thermostats dead band and the heat pump control 

strategy, taking into account also the price of the local 

electric market for wholesalers. 

Introduction 

Thermal inertia in buildings represents a significant 

parameter affecting heating and cooling demands 

(Verbeke and Audenaert, 2018; Carpino et al., 2016) and, 

when managed opportunely, lead to noticeable economic 

savings (Li et al., 2019). In particular, the latter could be 

attained in buildings equipped with radiant systems 

supplied by an electric heat pump (Bruno et al., 2019; 

Bruno et al., 2018). Indeed, the radiant exchange allows 

for the thermal power transfer among the in view opaque 

structures, employing the building as an alternative 

storage system (Navarro et al., 2016). Furthermore, 

economic savings are achieved by coordinating the 

electric heat pump operation with period characterized by 

favourable electricity costs (Nolting and Praktiknjo, 

2019). The development of the future models of Smart 

Communities, in fact, will make available for users an 

electric market with volatile costs, in accordance with the 

same rules currently available for electric wholesalers 

(Nicoletti et al., 2016). Usually, the electricity price can 

be predicted with an advance of 24 hours, therefore the 

heat pumps operation could be planned taking into 

account the functioning of other electric devices by 

improving the DSM (Demand Side Management), 

allowing also for a better exploitation of renewable 

systems (Arteconi et al., 2013). Therefore, smart devices 

interfaced with the grid could activate heat pumps in 

function of the electricity price. Furthermore, the 

exploitation of the building thermal mass can be improved 

by means of overheating or undercooling strategies by 

acting on the zone thermostats (Klein et al, 2017). In this 

paper, regarding a reference building-plant system 

equipped with radiant ceilings supplied by an electric air-

water heat pump, dynamic simulations carried out in 

TRNSYS 18 environment (VV.AA., 2017) have allowed 

to investigate on the role of the building thermal inertia to 

achieve energy and economic savings, in the respect of 

acceptable thermal comfort conditions. In particular, for 

the whole year electricity consumptions, economic 

expenses and operative temperatures, were evaluated. The 

role of the thermal inertia was investigated by considering 

two different layering of vertical external walls. Instead, 

the variation of the thermostats dead band, which 

produces different heat pump activation times, has 

allowed to investigate on different economic scenario due 

to the volatile electric prices.  

Data  

Case study  

The reference building-plant system was simulated in a 

Mediterranean climatic zone (Rende, South Italy, Lat. 

39.3°N) with cooling dominant characteristic. At this 

purpose, experimental weather data provided at hourly 

level by the actinometrical station of the University of 

Calabria, see Figure 1 (Bevilacqua et al., 2017), were 

employed. The reference building fabric is a real 

articulated edifice constituted by three different thermal 

zones, and therefore simulated by TYPE 56 “Multi-zone 

building”, and it is represented in Figure 2. In particular, 

the building is equipped with a ground floor (zone “GF” 

with a dispersing floor toward a not-conditioned 

basement), a first floor “FF” (equipped with not-

dispersing horizontal surfaces) and a conditioned attic 

“SF” on the second floor with a tilted dispersing roof. The 

simulation time-step was set to 0.25 hours. For the energy 

and comfort analysis, every thermal zone is modelled by 

a single air-node. Glazed surfaces (with negligible 

thermal mass) are present on every orientation with 

different areas, and they are constituted by a double clear 

glass (normal solar factor of 75%) and a 20% of wooden 

frame, for a global thermal transmittance of 2.4 W/m²K. 

Overhangs or wing-walls shade some transparent 

surfaces. The natural ventilation produces 0.5 air-change 

per hour for each thermal zone, where an endogenous 

heating flux of about 4 W/m² (whose 50% is radiative) 

was set in accordance with national standard (UNI/TS 

11300-1, 2014). The global conditioned surface amounts 

to 357 m², with a gross volume over 1110 m³ and a S/V 

ratio (gross dispersing surfaces to gross conditioned 

volume) of 0.63. In each floor, 117 m² of internal 

(adiabatic) walls, to form additional thermal mass, were 

considered together the internal floor decks. 
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Figure 1 – Daily monthly solar radiation on the 

horizontal plane vs monthly average external air 

temperature measured in 2017 for the considered locality  

 

Figure 2 – Reference building envelope in TRNSYS3D  

Heating and cooling loads are provided by integrated 

radiant ceilings, depicted in Figure 3, supplied by a water 

flow rate activated by hydraulic pumps in function of the 

zone thermostat signal. The pipes, incorporated in a 

plasterboard layer thick 2.5cm, have an internal diameter 

of 0.5 cm (capillary tubes) with a pitch of 5 cm (Bruno et 

al., 2015). The same plasterboard is insulated on the upper 

side by means of an EPS layer with a thermal resistance 

of 1.67 m²·K·W-1. The mentioned geometrical and 

thermal properties were chosen in order to confer 

calculation stability due to software constraints. Then, 

every radiant ceiling was divided in four segments 

connected in series, with the outlet water temperature of a 

segment equal to the inlet water temperature in the 

successive one, in order to consider the fluid temperature 

variation. The active surface corresponds with the 

available ceiling area, whose convective heat transfer 

coefficients are determined internally in function of 

surface and indoor air temperatures (VV.AA., 2017). 

 

 

 

 

 

 

Figure 3 – Sketch of the integrated radiant ceiling  

For the radiative exchange, a solar absorption coefficient 

of 0.30 and a longwave emission coefficient of 0.90 were 

set. In order to rationalize the management of the 

conditioning plant, three different control strategies were 

considered, neglecting in every case the aspects 

connected with the human behaviour:  

- by following the thermal loads, independently 

from the electric energy costs (reference 

scenario, control 1); 

- by varying linearly the thermostat set-point in 

function of the electricity costs on daily basis, 

with the latter identified in advance for the next 

day (control 2); 

- by activating the heat pump when the hourly 

electricity cost is lower than the average daily 

cost (determined in advance the prior day, 

control 3). 

Simulation assumptions: the heat pump 

Simulations were carried out by setting for the radiant 

ceilings constant inlet temperature: 35°C in winter and 

15°C in summer. The required water flow rates are 

provided by an electric air-water heat pump sized by 

preliminary simulations and directly connected to the 

emitters, with nominal heating and cooling powers equal 

respectively to 8.25 kW and 8.00 kW. The correspondent 

coefficients of performance are COP=3.58 and EER=2.55 

and their trends in function of the outdoor temperature are 

reported in Figure 4a (heating) and in Figure 4b (cooling). 

Furthermore, the mentioned nominal values refer to 

outdoor air temperatures of 7°C and 35°C respectively. 

These features are employed by the TRNSYS heat pump 

model TYPE 917 in order to evaluate the actual absorbed 

electric energy, in function of the source temperatures and 

the capacity ratio (ASHRAE, 1983). An integrative winter 

generator was not considered due to the favourable 

bivalent temperature of -7°C. In order to develop control 

strategies in function of the electricity costs, the following 

procedures were implemented: 

- by knowing in advance the minimum and 

maximum electricity costs for the successive 

day, the thermostats set-point is varied linearly 

by associating in winter 21°C to the minimum 

cost and 19°C to the maximum one, whereas in 

summer a value of 24°C for the minimal cost and 

a value of 26°C for the maximum one; 

- the daily electricity average cost, determined in 

advance during the prior day, is compared with 

the current hourly cost in order to activate the 

heat pump if the latter is lower than the first one. 

Simulation assumptions: electricity costs 

The hourly electric costs were used for economic 

evaluations and were obtained for the same reference year 

(2017) from the national institute for the management of 

the electric grid, observing the trend shown in Figure 5 

(GME, 2019). In the local reference electric market, these 

costs are determined as sum of the electricity generation, 

transportation and electric meter management, system 

charges and taxes. 

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35

MJ/m²

day

 C

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov
Dec

 0.5 cm 
5 cm 

6
 c

m
 

2
.5

cm
 

cm
 

________________________________________________________________________________________________ 

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

 
1725

 

 
  



 

 

 

 

Figure 4 –Thermal power and COP (a) for a supplied 

temperature of 35°C and cooling power and EER (b) for 

a supplied temperature of 15°C in function of the outdoor 

air temperature, for a full capacity ratio  

The correspondence between climatic data and electric 

costs is affected by the PV contribution in the Italian 

energy stock. The lowest costs occur in summer due to the 

large PV production, whereas in winter the cost is about 

the 30% more expensive. The 2017 average electricity 

cost amounts to 0.223 €/kWh, with a peak of 0.380 €/kWh 

during in December and the lowest cost of 0.164 €/kWh 

in April. In winter, the lacking of solar irradiance 

determines more elevated electricity costs (Figure 6a), 

conversely the availability of solar irradiance produce 

limited costs especially in the middle hours of the day 

(Figure 6b). In summer, the electricity costs are 

favourable in the early morning, successively they are 

negatively affected by the conditioning needs (Figure 6c).  

 

Figure 5 –Annual trend of the hourly electricity costs for 

the final users in 2017 and in the considered local market  

Methods 

The TRNSYS model has allowed the precise evaluation 

of the building-plant energy performances, determining 

the actual electric energy absorbed by the heat pump and 

the correspondent sustained costs, in function of the heat 

pump capacity ratio and the weather data. In order to 

identify the best building-plant configuration and the best 

control strategy for the heating/cooling plant, also thermal 

comfort conditions were determined, by means of the 

zone operative temperatures and in accordance with two 

procedures of the EN ISO 15251 (EN ISO 15251, 2007): 

- the percentage of hours determined when the 

operative temperature exceeds the comfort 

intervals, set in 19-21°C during winter and 24-

26°C in summer; 

- the cumulative operative temperature differences 

(in absolute term) exceeding the interval limit 

values, evaluated with a switched-on plant. 

The different control strategies, the building thermal 

masses and the considered thermostat dead bands 

determine the different building-plant operations. The 

layering of the two external walls are described in  

Table 1 and Table 2 varying, at parity of total thickness 

and thermal transmittance, the specific thermal capacity 

in order to consider the variation of the energy 

performances exclusively with the different thermal 

masses. The first wall layering is a typical solution for the 

considered climatic zone (“lightweight” configuration), 

the second one is more heavy by adding a layer of solid 

clay bricks (“heavyweight” configuration) on the inner 

side. In the first case, internal and external surface thermal 

capacities (EN ISO 13786, 2017), result 53.5 kJ m-2K-1 

and 23.8 kJ m-2K-1 respectively. For the other solution, the 

same parameters assume the value of 60.6 kJ m-2K-1 and 

29.0 kJ m-2K-1. Regarding the thermostat dead bands, 

three values were chosen: 0.5°C, 1°C and 2 °C. 

Preliminary simulations have shown that the combination 

of different thermal masses and dead band values, 

associated to weather data, produced noticeable variation 

in the heat pump functioning. 

Table 1- Layering of the “lightweight” external wall 

Layer 
Thickn

ess  
[m] 

Thermal 

conductivity 
 [W·m-1·K-1] 

Specific 

Heat 
 [J·kg-1·K-1] 

Density  
[kg·m-³] 

Int.Plaster 0.02 0.822 800 1400 

Hollow 

brick 
0.30 0.349* 800 1800 

XPS 0.06 0.036 800 55 

Plaster 0.02 0.822 800 1400 
*equivalent value 

In Figure 7, the operative temperature trends, in function 

of the three dead bands, is shown for the FF zone (with 

greater thermal mass due to the two internal floors) in the 

“heavyweight” configuration and for the period 1-3 

January 2017, starting from the same initial indoor 

temperature (20°C). 0.5°C dead band anticipated the plant 

activation, the operation times is more limited with a 

lower thermal energy stored in the structures, confirmed 

by a greater frequency of the plant switching-on. 
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Table 2- Layering of the “heavyweight” external wall 

Layer 
Thickn

ess  
[m] 

Thermal 

conductivity 
 [W·m-1·K-1] 

Specific 

Heat 
 [J·kg-1·K-1] 

Density  
[kg·m-³] 

Int.Plaster 0.025 0.822 800 1400 

Solid 

brick 
0.14 0.398 1100 2600 

Hollow 

brick 
0.15 0.305* 800 1800 

XPS 0.06 0.036 800 55 

Plaster 0.025 0.822 800 1400 
*equivalent value 

 

 

 

Figure 6 –Trend of the hourly electricity costs during a 

winter cloudy (a) and sunny day (b) and in summer (c) 

Passing to a dead band of 1°C, the first activation is 

delayed, due to a better thermal mass exploitation, and the 

zone autonomy (number of hours where the heating plant 

is off) increases of more of 2 hours. The 2°C dead band 

produces the major plant switch-off duration (two days) 

and the thermal zone autonomy is increased (32 hours). 

 

Figure 7 –Operative temperature for the FF thermal zone 

in the period 1-3 January 2017 for the considered 

thermostat dead band 

From a thermal energy requirement point of view, the 

variation of the dead band, at parity of building thermal 

inertia, does not produce substantial variations.  Indeed, a 

wider dead band determines a dilatation of the switching-

off times and a reduction of the operation frequency, 

however these aspects are counterbalanced by a wider 

plant activation times for the attainment of the indoor set-

point temperatures. By setting the dead band to 2°C, the 

goodness of the heavyweight configuration is observable 

by analysing the operative temperature trends in Figure 8, 

showing the comparison with the correspondent 

lightweight configuration. Firstly, due to the reduced 

building thermal inertia, operative temperatures are lower 

in the lightweight configuration, with differences also of 

0.5 °C, than the correspondent heavyweight 

configuration. Furthermore, the lightweight configuration 

cools quickly by producing an advance of 14 hours of the 

heating plant activation. Moreover, a noticeable 

increment of the plant activation frequency, with great 

fluctuation of the indoor temperatures, was observed. 

Results: energy evaluations  

For the whole building, the electric heat pump 

requirements are shown in Figure 9 in the heating period 

and in Figure 10 for the cooling one, by setting a 

thermostats dead band of 2 °C in the heavyweight 

configuration. 

 

Figure 8 –Comparison between the operative 

temperature in the period 1-3 January 2017 in function of 

the building inertia and for the same thermal zone 
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With reference to the control strategy 1, the control 3 

allowed for noticeable savings whereas scenario 2 

produced limited advantages. In particular, during winter, 

the electricity savings in scenario 3 amounted 

approximatively to 600 kWhe (-30.8%) whereas the 

scenario 2 to 154 kWhe (-6%). In summer, the heat pump 

operation increased due to the climatic context, 

consequently energy savings of 1147 kWhe for scenario 3 

(-57.4%) and of 136.5 kWhe for scenario 2 (-4.3%), were 

determined. The energy savings attained with the control 

strategies in function of the electricity costs are not 

connected exclusively with a reduction of the heat pump 

operation hours. Indeed, Figure 11 shows that control 3 

determines a slight increment of the operation hours in 

winter and a decrement only in summer. Therefore, in 

winter electric consumptions decrease despite a greater 

heat pump time functioning:  this reduction is justified by 

the decrement of the building thermal loads during the 

employment of the generation system. As depicted in 

Figure 6b, winter electricity costs are frequently limited 

in the middle hours of the day, with favourable outdoor 

temperatures, reducing thermal loads and the absorption 

of electric energy due to the best COPs. In summer, the 

control 3 is often employed in the early hours of the day, 

when the magnitude of the cooling loads is limited, and 

the contained external temperatures improve the EER. 

Moreover, the reduction of the heat pump operation 

increases the electricity savings.  Regarding the control 2, 

an increment of the heat pump operation hours can be 

observed than the other two strategies:  this increment is 

due to the overheating and overcooling procedures 

achieved by the dynamic regulation of the thermostats set-

points. However, the rational employment of the 

generation system, which is activated prevalently in the 

hours with the lowest costs, produces electric savings due 

to the favourable external air temperature with a 

consequent improvement of the heat pump coefficients of 

performance.  

In order to investigate on the role of the building thermal 

mass, in Table 3 the annual electric requirements 

determined in function of the thermostat dead bands and 

for the two building configurations, are listed. Clearly, the 

massive configuration provides electric savings for every 

dead band; however, these savings increase with the dead 

band growth only for the control 2 and 3. Conversely, in 

the reference scenario, the greatest electric saving is 

obtained with the lowest dead band due to the wider 

activation of the generation system. In terms of electric 

consumptions, the best solution is represented by the 

heavyweight configuration implementing control 3 and 

with a dead band of 0.5°C. The worst one is represented 

by the reference scenario with a 0.5°C dead band, because 

in these conditions the storage properties of the building 

fabric were not exploited adequately.  The comparison 

between these two solutions provides an annual electric 

energy saving of 2028 kWhe.  

Results: economic evaluations 

Because of the volatility of the electricity costs, the 

greatest energy savings could not coincide with the 

maximum economic savings.  

 

Figure 9 – Winter electric consumptions in function of the 

heat pump control strategies setting a thermostat dead 

band of 2°C (Heavyweight configuration) 

 

Figure 10 – Summer electric consumptions in function of 

the heat pump control strategies setting a thermostat dead 

band of 2°C (Heavyweight configuration) 

 

Figure 11 – Heat pump time operation differentiated 

among the heavyweight thermal zones in winter (win) and 

summer (sum) in function of the control strategies  

For this reason, in order to identify the solution more 

attractive for the final user, economic evaluations were 

carried out to quantify the economic expenses to sustain, 

in function of the building thermal mass, the heat pump 

control strategy and for the considered dead bands. In 

Figure 12, the annual electric expenses determined in 

function of the heat pump control strategies and for the 

considered dead bands, considering the two building 

configurations, are reported. 
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Table 3- Annual electric energy consumption (in kWh) in 

the two building configurations and for the three 

considered thermostat dead bands 

 Building configuration 

Dead 

Band  

Control 

strategy  
Lightweight Heavyweight 

0.5 

Reference 

scenario 
5900 5688 

Control 2 5285 5235 

Control 3 3899 3872 

1 

Reference 

scenario 
5756 5654 

Control 2 5395 5305 

Control 3 3973 3919 

2 

Reference 

scenario 
5853 5682 

Control 2 5588 5391 

Control 3 3996 3939 

 

Again, the massive configuration allows for the 

attainment of the greatest economic savings, with the 

lowest value of € 850 in correspondence of the 0.5 C dead 

band employing the control 3. However, substantial 

deviances were found only by varying the control 

strategies: with reference to the control 3, the reference 

scenario produces annual average extra expenses of about 

€ 400, whereas control 2 of about € 100. Instead, slight 

variations were detected varying the building thermal 

mass and the thermostat dead bands.  

From the point of view of the rational exploitation of the 

grid, for every case an average electric cost was 

determined as ratio between the required expenses to the 

correspondent electric consumptions. The lightweight 

building configuration with the heat pump managed by 

control 3 and thermostat dead band of 0.5°C has provided 

the lowest value (0.2192 €/kWhe), almost coincident with 

the analogous heavyweight configuration  

(0.2196 €/kWhe). The highest average electricity cost, 

instead, was found for the reference scenario and with the 

widest thermostat dead band, assuming the value of  

0.2282 €/kWhe (+4.1%). 

Results: thermal comfort evaluations 

In Table 4, the comfort indexes determined for every 

thermal zone are listed by varying the heat pump control 

strategy and the building thermal mass, with a thermostat 

dead band of 2°C, contemplating also the percentage of 

hours with Top<19°C in winter and Top>26°C in summer. 

The percentage of the hours where the operative 

temperature exceeded the comfort interval is noticeable, 

however the latter is due prevalently to winter overheating 

or summer undercooling. Indeed, the employment of 

radiant ceilings as emitters produces an evident influence 

on the thermal zone mean radiant temperature and, 

consequently, on the operative temperature. Conversely, 

winter undercooling or summer overheating have been 

detected in limited way, measuring negligible indexes, 

therefore thermal zones cannot be classified neither as 

slightly cool in winter and warm in summer, for each 

considered control strategy. In particular, the control 1 

provides always the best indexes, both in term of limited 

percentage of hours outside the comfort interval and of 

absolute cumulative temperature differences. 

 

Figure 12 – Annual electric expenses for the considered 

thermostat dead bands varying the control strategies 

However, these deviances are limited if compared with 

the same indexes determined by the control 3. For the 

latter, greater percentages than control 1 are due to the 

particular activation times of the emitters (middle hours 

in winter, early hours in summer) that contribute to 

increase/decrease the mean radiant temperature, whereas 

absolute cumulative temperatures assume values slightly 

greater than the reference scenario. The control 2 always 

provides the worst results connected to the overheating 

and undercooling strategies that produce a greater 

frequency of exceeded temperature intervals. The same 

analysis carried out for the lightweight building 

configuration have shown marginal differences. By 

reducing the thermostats dead band, comfort indexes are 

subjects to a natural improvement, due to the lowest 

indoor air temperatures fluctuation inside the thermal 

zones, as highlighted by the values listed in Table 5 and 

Table 6 by setting 1°C and 0.5°C as thermostat dead 

bands.  Globally, the worst results were determined for 

the FF zone with the control 2, due to large amount of 

available thermal mass, that produce a greater 

exploitation of the winter overheating and summer 

undercooling. Conversely, GF and SF thermal zones 

benefit of the wider dispersing surfaces that attenuate the 

mean radiant temperatures. 

Conclusions and Discussion 

The future spread of renewable sources and smart 

community models will make available an electric market 

where the electricity costs will vary at hourly level. In this 

context, also for the refurbishment of existing building, 

the employment of radiant systems supplied by electric 

heat pumps appears a very interesting solution. This 

building-plant system could be managed opportunely in 

order to attain energy and economic savings. Indeed, the 

building thermal mass could be opportunely exploited to 

manage the mismatching between the provision/removal 

of thermal loads and the availability of favourable 

electricity costs.  Suitable smart devices are already 

available in the market and, by knowing the electricity 

costs in advance by means of appropriate services, they 

activate electric devices in coordinated way, including 

heat pumps. Radiant emitters, instead, allow for the 

provision/removal of thermal loads from the building 

fabric, making it as a “sui generis” storage system. 
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Table 4 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 2°C 

Table 5 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 1°C 

L
ig

h
tw
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g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 36.1% 0.0% 140 0.0% 0.0% 0 

2 57.5% 0.1% 803 28.8% 0.0% 94 

3 32.6% 1.5% 165 0.4% 0.4% 0 

FF 

1 39.9% 0.0% 101 49.7% 0.0% 249 

2 67.6% 0.0% 418 75.1% 0.0% 4155 

3 45.1% 0.1% 103 41.1% 0.2% 176 

SF 

1 41.7% 0.0% 165 50.9% 0.0% 305 

2 61.1% 0.0% 504 65.9% 0.0% 787 

3 41.6% 0.3% 151 38.7% 0.7% 193 

H
ea

vy
w

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 34.1% 0.0% 126 0.0% 0.0% 0 

2 60.0% 0.0% 833 29.4% 0.0% 94 

3 33.3% 0.9% 169 0.2% 0.2% 0 

FF 

1 42.3% 0.0% 100 52.9% 0.0% 265 

2 68.7% 0.0% 394 71.0% 0.0% 708 

3 47.6% 0.0% 108 41.7% 0.0% 181 

SF 

1 41.3% 0.0% 158 52.5% 0.0% 312 

2 62.6% 0.0% 531 69.1% 0.0% 851 

3 42.7% 0.2% 147 40.2% 0.4% 191 

Table 6 – Percentage of plant operation hours outside the 

considered comfort operative temperature intervals and 

absolute cumulative operative temperature quantified 

outside the same intervals, for the three thermal zones and 

in function of the heat pump control strategy and setting 

a thermostat dead band of 0.5°C 

In this paper, energy, economic and comfort analysis of a 

reference building-plant system, equipped with integrated 

radiant ceiling and an air-water heat pump, were carried 

out by using the TRNSYS 18 software. In order to 

investigate on the role of the thermal inertia, a parametric 

study was conducted on a multi-zone building, by varying 

the thermal capacity of the vertical external walls, the 

thermostat dead band and by considering three different 

control strategies for the heating/cooling plant, connected 

with the grid electricity costs. Preliminary simulations, in 

fact, have shown that the investigated building-plant 

configurations, obtained by varying the mentioned 

parameters, produced different heat pump activation 

times, with consequent energy and economic scenarios.  

The first connected to the better coefficient of 

performance of the generation system, the second one due 

to the cost volatility. From an energetic point of view, by 

activating the heat pump when the hourly cost is lower 

than the daily average cost (control 3), with the latter 

determined in advance, noticeable electric savings can be 

detected: by setting a reduced thermostat dead band 

(0.5°C), 2028 kWhe can be saved at annual level if 

compared with a traditional control strategy where the 

heat pump is activated to follow the building thermal 

loads (reference scenario). Instead, more limited energy 

savings have been observed by varying dynamically the 

thermostat set-point temperatures in function of the 

electricity costs (control 2), actuating slight winter 

overheating or small summer undercooling when the 

electricity cost is favourable. Indeed, energy savings are 

largely counterbalanced by a wider heat pump operation 

to attain the dynamic thermostats set-points. The massive 
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Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 38.2% 0.0% 434 18.6% 0.0% 37 

2 62.6% 0.3% 1474 28.2% 0.1% 137 

3 49.7% 1.5% 494 24.2% 0.4% 37 

FF 

1 38.3% 0.0% 111 46.0% 0.0% 429 

2 64.4% 0.0% 586 57.8% 0.0% 604 

3 56.6% 0.1% 247 43.9% 0.0% 371 

SF 

1 39.6% 0.0% 197 47.1% 0.0% 512 

2 60.8% 0.1% 744 56.5% 0.0% 709 

3 53.8% 0.5% 342 41.6% 0.3% 391 

H
ea

vy
w

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 38.0% 0.0% 420 20.1% 0.0% 43 

2 64.5% 0.1% 1585 27.4% 0.1% 130 

3 51.1% 1.1% 503 24.2% 0.1% 38 

FF 

1 37.5% 0.0% 119 47.8% 0.0% 439 

2 65.2% 0.0% 564 59.7% 0.0% 616 

3 58.0% 0.0% 245 45.3% 0.0% 381 

SF 

1 39.4% 0.0% 203 48.8% 0.0% 519 

2 62.4% 0.0% 788 59.2% 0.0% 739 

3 54.5% 0.3% 350 42.3% 0.1% 396 

L
ig

h
tw

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 30.9% 0.0% 104 0.0% 0.0% 0 

2 57.3% 0.0% 668 33.6% 0.0% 88 

3 25.5% 1.5% 74 0.5% 0.5% 0 

FF 

1 13.1% 0.0% 31 39.6% 0.0% 87 

2 64.2% 0.0% 319 68.5% 0.0% 627 

3 28.3% 0.0% 43 25.0% 0.4% 52 

SF 

1 15.2% 0.0% 59 38.9% 0.0% 108 

2 59.6% 0.0% 447 67.6% 0.0% 760 

3 27.1% 0.5% 59 24.3% 1.0% 57 

H
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w

ei
g

h
t 

Zone Control 
Top>21 

Top<19 

Top

<19 
wf,h 

Top<24

Top>26 

Top>

26 
wf,c 

GF 

1 29.3% 0.0% 98 0.0% 0.0% 0 

2 58.8% 0.0% 681 33.5% 0.1% 91 

3 25.7% 0.8% 73 0.4% 0.4% 37 

FF 

1 14.0% 0.0% 34 40.0% 0.0% 88 

2 67.3% 0.0% 345 72.1% 0.0% 677 

3 30.6% 0.0% 48 26.4% 0.2% 56 

SF 

1 16.5% 0.0% 62 41.0% 0.0% 114 

2 60.4% 0.0% 470 70.9% 0.0% 779 

3 27.8% 0.4% 64 24.8% 0.4% 59 
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building configurations have provided always energy 

savings for every building-plant configuration and, by 

controlling the heat pump in function of the electricity 

cost, these advantages increase with the dead band 

growth. Despite the different heat pump operation times 

and the cost hourly variability, economic savings are 

connected with energy savings, observing the greatest 

advantages in the heavyweight configuration with 

reduced thermostat dead bands. Compared with the 

reference scenario, the annual average electric cost was 

lower than 4% and determined in 0.2192 €/kWhe. 

However, the reference scenario provided better results in 

terms of thermal comfort conditions, with indexes more 

favourable than control strategy based on the electricity 

costs.  However, the deviances with control 3 are marginal 

and these differences tend to decrease with the thermostat 

dead band reduction, especially for the building 

heavyweight configuration, confirming the goodness of 

this solution to attain energy, economic and comfort 

advantage simultaneously. 

References 

Arcuri N., Carpino C., De Simone M. (2016). The Role of 

the Thermal Mass in nZEB with different Energy 

Systems, Energy Procedia 101, 121–128 

Arteconi A., Hewitt N.J., Polonara F., Domestic demand-

side management (DSM): Role of heat pumps and 

thermal energy storage (TES) systems. Applied 

Thermal Engineering  51, 155–165. 

ASHRAE Equipment Guide. American Society of 

Heating, Refrigerating, and Air Conditioning 

Engineers. Atlanta, 1983 

Bevilacqua P., Mazzeo D., Bruno R., Arcuri N. (2017). 

Surface temperature analysis of an extensive green 

roof for the mitigation of urban heat island in southern 

mediterranean climate. Energy and Buildings 150, 

318–327 

Bruno, R. Arcuri N., Cuconati G.  (2019). A smart air-

conditioning plant for efficient energy buildings, 

Book chapter in The Internet of Things for Smart 

Urban Ecosystems, 251-274 

Bruno, R. Pizzuti, G. Arcuri N. (2016). The Prediction of 

Thermal Loads in Building by Means of the en ISO 

13790 Dynamic Model: A Comparison with 

TRNSYS. Energy Procedia 101, 192–199 

Bruno, R. Arcuri N., Carpino C. (2018). PV Driven Heat 

Pumps for the Electric Demand-Side Management: 

Experimental Results of a Demonstrative Plant. In 

Proceeding of 2018 IEEE International Conference on 

Environment and Electrical Engineering and 2018 

IEEE Industrial and Commercial Power Systems 

Europe, EEEIC/I and CPS Europe 2018. Palermo 

(Italy), 12-15th June 2018 

GME, gestori dei mercati elettrici s.p.a., 

www.mercatoelettrico.org/it/, accessed on 01/02/2019 

International Organization for Standardization, EN ISO 

15251 (2007). Indoor environmental input parameters 

for design and assessment of energy performance of 

buildings addressing indoor air quality, thermal 

environment, lighting and acoustics. 

International Organization for Standardization, EN ISO 

13786 (2017). Thermal performance of building 

components - Dynamic thermal characteristics - 

Calculation methods. 

Italian Standardisation Organisation. UNI/TS 11300–1. 

Building energy performance – Part 1: Evaluation of 

the energy need for space heating and cooling (in 

Italian). 2014 

Klein K., Herkel S., Henning H.M., Felsmann C. (2017). 

Load shifting using the heating and cooling system of 

an office building: quantitative potential evaluation 

for different flexibility and storage options. Applied 

Energy 203, 917–937 

Li W., Yang L., Ji Y. and  Xu P.  (2019). Estimating 

demand response potential under coupled thermal 

inertia of building and air-conditioning system. 

Energy and Buildings 182, 19–29.  

Navarro L., de Gracia A., Colclough S., Browne M., 

McCormack S.J., Griffiths P., Cabeza L.F. (2016). 

Thermal energy storage in building integrated thermal 

systems: a review. Part 2. Integration as Passive 

systems. Renewable Energy 88, 526–547. 

Nicolett Gi., Arcuri N., Bruno R., Nicoletti Ge. (2016). 

On the generalized concept of entropy for physical, 

extraphysical and chemical processes. International 

Journal of Heat and Technology 34, S21-S28  

Nolting L. and PraktiknjoA. (2019). Techno-economic 

analysis of flexible heat pump controls. Applied 

Energy 238, 1417–1433. 

Verbeke S. and Audenaert A. (2018). Thermal inertia in 

buildings: A review of impacts across climate and 

building use. Renewable and Sustainable Energy 

Reviews 82, 2300–2318. 

VV.AA., TRNSYS version 18, User Manual, Solar 

Energy Laboratory, University of Wisconsin, 

Madison (USA), 2017 

 

________________________________________________________________________________________________ 

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

 
1731

 

 
  

http://www.mercatoelettrico.org/it/


Controlled Natural Ventilation Coupled with Passive PCM System to Improve

the Cooling Energy Performance in Office Buildings

Mohammad Saffari1,2, Mohit Prabhakar3, Alvaro de Gracia3,4, Eleni Mangina1,5, Donal P. Finn1,2,
Luisa F. Cabeza3

1UCD Energy Institute, University College Dublin, Dublin, Ireland
2School of Mechanical and Materials Engineering, University College Dublin, Dublin, Ireland

3GREiA Research Group, INSPIRES Research Centre, University of Lleida, Lleida, Spain
4CIRIAF Interuniversity Research Centre, University of Perugia, Peruiga, Italy

5School of Computer Science, University College Dublin, Dublin, Ireland

Abstract

The building sector is responsible for consuming one-
third of the global final energy use. In office build-
ings, high internal heat gains increase the cooling en-
ergy use. Thermal energy storage (TES) is a promis-
ing technology to decrease the cooling energy use, to
achieve a low-carbon future, and to increase thermal
comfort if properly designed. An appropriate use of
the passive PCM system and natural ventilation can
provide long-term energy and thermal comfort bene-
fits. Many factors influence the efficient use of pas-
sive PCM system in buildings, such as outdoor/in-
door boundary conditions, and HVAC control strate-
gies. In office buildings, the PCM passive system in-
tegrated into the building envelope has the potential
to regulate the indoor air temperature by absorbing
high internal heat gains during day, however, dis-
charging the PCM during night to work efficiently for
the next day remains a challenging design criterion.
The passive PCM system would not work efficiently if
charging/discharging cycle is not completed. Whole-
building energy simulation tools and numerical mod-
els are essential to deal with this issue. The present
study is aimed at defining cooling energy savings in
office buildings located in temperate climates apply-
ing PCM and natural ventilation passive technologies.
A reference small office building was chosen and PCM
panels with optimised melting temperature together
with different natural ventilation control strategies
were applied to an office building model. Energy-
Plus airflow network capability was used to calculate
the natural ventilation potential induced by wind and
buoyancy effects. Simulation results have shown cool-
ing energy savings from 8% to 15%. In addition, nat-
ural ventilation could increase the efficiency of PCM
by 8%.

Introduction

The building sector is a key component of energy
transition in the world, representing roughly 40% of
total final energy consumption, where currently heat
demand dedicates a major portion of this energy con-

sumption to itself (IEA, 2018). The building sector
accounts for almost 60% of European Union (EU)
electricity consumption, and responsible for a large
portion of indirect CO2 emissions. Although heat
demand for air conditioning is currently dominant,
but a substantial increase for cooling energy demands
is expected by 2050. In both commercial and resi-
dential buildings, air conditioning systems contribute
to a large amount of electricity demand to provide
thermally comfortable indoor environment for occu-
pants. Considering that the energy demand profile
changes time to time and the share of variable re-
newable rises, electricity system flexibility needs to
increase in all markets (IEA, 2017). Hence, improv-
ing the building envelope thermal performance one of
the important measures for improving the energy flex-
ibility and to decrease energy consumption of heating,
ventilation and air-conditioning (HVAC) systems in
buildings since 20% to 60% of all energy consumed
in buildings is affected by the design and construc-
tion of the building envelope (IEA, 2013b). Cooling
for indoor air conditioning in buildings could be at-
tained by either passive or active systems or both as
a hybrid cooling system. Passive cooling of build-
ings addresses the technologies or techniques which
are used to cool the building indoor environment with
no electricity usage or at least with minimum electric-
ity usage. On the other hand, active cooling refers to
technologies in which the electricity is used to run
the HVAC system. Passive cooling in buildings could
be achieved through evaporative cooling, earth cool-
ing, ventilation cooling, energy storage (Waqas and
Ud Din, 2013), or combinations of these technologies
(Fong and Lee, 2014). In recent years, an increasing
attention has been paid to enhance the flexibility of
buildings through smart demand-side response strate-
gies and latent heat storage (Lizana et al., 2018).
The increased use of thermal energy storage technolo-
gies (TES) in buildings can improve demand flexibil-
ity and energy efficiency(IEA, 2013a; Mazzeo et al.,
2017). These systems are promising solutions to scale
down the energy consumption by taking advantage of
materials with high energy storage capacity to store
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energy in terms of sensible heat and latent heat. Ma-
terials used for latent heat storage are known as phase
change materials (PCM) (Cabeza et al., 2015). Due
to high latent heat capacity, PCMs are able to store
a high amount of energy in small temperature in-
tervals resulting in a significant increase in the ther-
mal mass of the building envelopes (Pielichowska and
Pielichowski, 2014).
Many researchers have mentioned the advantages of
PCMs in terms of cooling and heating energy sav-
ings, peak load shifting and thermal comfort improve-
ment when applied to buildings (Kuznik et al., 2011;
Soares et al., 2013; Memon, 2014). However, until to-
day, little advancement has been achieved to improve
the charging and discharging cycle of PCM-enhanced
building envelopes by dissipating the stored heat in
these materials (de Gracia, 2019) which is a highly
important step to exploit the full potential of PCMs,
otherwise, their high latent heat capacity does not
function properly. Integrating two passive technolo-
gies of PCM and natural night ventilation can in-
crease the efficiency of PCM technology if properly
designed. In this method, the cool outdoor tem-
perature at nighttime and/or early morning is used
to dissipate the accumulated heat in the PCM and
charge it with cool outdoor air again. Natural venti-
lation is an important strategy to provide free cool-
ing in buildings and improving the indoor air qual-
ity and thermal comfort. Many important factors
should be considered when designing natural venti-
lation system, specifically, when it is coupled with an
innovative technology such as PCM. These design fac-
tors are building location, shape, and type (residen-
tial or commercial), urban pattern of the neighbour-
ing buildings, wind velocity, wind direction, opening
types, and smart control strategies. Coupling thermal
mass and natural ventilation is a well-known topic
(Zhou et al., 2008, 2009; Wang et al., 2009; Gagliano
et al., 2014), however, further research is necessary to
study the effect of hybrid cooling system using PCM
with natural ventilation, and HVAC system (Evola
et al., 2013; Jamil et al., 2016), together with control
techniques. However, in recent years there have been
progresses in the development of combined PCM-
ventilation air conditioning system for office buildings
(Monodraught, 2019), or decentralised PCM ventila-
tion systems (Pomianowski et al., 2013). Addition-
ally, in the existing literature the methodologies used
to calculate the natural ventilation effect on the effi-
ciency of PCM are limited to simplified and scheduled
air flow rates (Solgi et al., 2019) and there is a lack
of more sophisticated numerical (Saffari et al., 2017)
and experimental (Barzin et al., 2015) studies for de-
sign, implementation, and analysis of such systems.
The objective of the present study is to improve the
energy flexibility of commercial buildings combining
optimised PCM and natural ventilation as two inte-
grated passive technologies together with natural ven-

tilation and HVAC operation control strategies. The
main contribution of the present paper is to numer-
ically calculate natural ventilation airflow rates due
to wind and buoyancy effects under different climatic
regions using whole-building energy simulation soft-
ware. The novelty of the paper is that the natural
ventilation capacity is numerically calculated accord-
ing to the outdoor and indoor boundary conditions
when PCM is integrated into the building envelopes.
The methodology used in this study could be used
for automation and smart control of both commer-
cial and residential buildings.

Methodology

Reference building prototype

A small office building prototype was selected from
ASHRAE Standard 90.1- 2013 prototype building
models and slightly modified (Goel et al., 2014). The
small office building model is a one-story building
with 511 m2 (27.67m × 18.44m) of conditioned floor
area, as shown in Figure 1. The building has four
perimeter zones, and one core zone with perimeter
zone depth of 5m (see Figure 2). Window-to-wall ra-
tio is approximately 24.4% for South and 19.8% for
the other tree orientations. In addition, the build-
ing has unconditioned attic space. The construction
of the exterior walls and roof are wood-frame walls,
and attic roof with wood joist, respectively. The
foundation type is slab-on-grade. The thermal trans-
mittance values (U-value) of external walls, ceiling,
floor, and external windows are 0.5 W/m2 − K, 2.9
W/m2 −K, 2.1 W/m2 −K, and 3.5 W/m2 −K.

Figure 1: Reference small office building prototype.

Figure 2: Perimeters of the office building.

The ASHRAE Standard 90.1 prototype building
models were developed by the Pacific Northwest Na-
tional Laboratory in support of the U.S. Department
of Energy (DOE) Building Energy Codes Program.
These building prototypes are simulated in different
climate zones and could be mapped to other climate
regions for international use (Thornton et al., 2011).
Although it could be challenging to consider a single
building prototype with its unique properties as a ref-
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erence for all existing office buildings worldwide, how-
ever, the ASHRAE Standard 90.1 prototype build-
ing models represent standard building energy mod-
els for the most common commercial buildings to be
used in initial design stages, energy efficiency analy-
sis, research and represent realistic building charac-
teristics and construction practices (Tianzhen et al.,
2015; Luddeni et al., 2018).
The building HVAC system consists of an electric air-
source heat pump units per occupied thermal zone
with constant air volume air distribution system. The
single-speed direct expansion cooling coil gross rated
cooling coefficient of performance (COP) is 4.11 and
is auto-sized for a design day. The thermostat cooling
setpoint control is scheduled and varies by hour. Fig-
ure 3 shows the thermostat operation schedule and
the occupancy fraction for Weekdays. As the aim of
study is to improve the cooling energy performance
of the building in the summer season, the thermo-
stat regulation is set to single cooling, and heating is
not allowed. Since the main office zones (except core
zone) are identical in terms of HVAV system, ther-
mostat control, and internal heat gains, and on the
other hand, because the air exchange between zones is
not considered for simulation, only the south and east
zones of the building prototype are selected for sim-
ulation to reduce the computational cost. This does
not influence the methodology used in this study. Ad-
ditionally, the control algorithm does not allow the
heat pump to operate in tandem with the natural
ventilation and when the windows are open.

Figure 3: Thermostat cooling regulation, and occu-
pancy schedule.

Natural ventilation

In this paper, natural ventilation was calculated us-
ing EnergyPlus simulation coupled with an airflow
network model (AFN). The AFN model is a sophisti-
cated algorithm which offers more advanced ventila-
tion calculations as opposed to the simplified calcu-
lations offered by design flow rate and ventilation by
wind and stack with open area models. AFN model is
able to simulate wind- and buoyancy-driven as well as
forced air distribution system multizone airflows and
pressures (U.S. DOE, 2016; EnergyPlus, 2019). En-
ergyPlus AFN model was validated against measured
data and good agreement between the simulation re-
sults and the measured data were found (Gu, 2007).

In the present study, single-sided natural ventilation
driven by a combination of wind pressure and temper-
ature difference is provided by large openings (vertical
windows) (see Figure 4), and are defined as ”Detailed
Opening” objects with a constant discharge coeffi-
cient of 0.65 (Schulze and Eicker, 2013). This allows
flow movement simultaneously in two different direc-
tions depending on stack effect and wind conditions.
It should be mentioned that the air exchange between
different zones was not considered and the natural
ventilation was calculated at a single-zone level. The
main difference of this method compared to previous
studies on PCM and natural ventilation is that the
amount of air going through the window opening in
single-sided ventilation will depend on the wind char-
acteristics around the building, indoor and outdoor
temperatures, and the pressure variations caused by
for example wind gusts, and on the size, type and
location of the opening (Allocca et al., 2003).

Figure 4: Indoor and outdoor pressure distribution
for buoyancy-driven flow (a), wind driven flow (b).
In order to dynamically analyse the potential of the
passive PCM system coupled with natural ventila-
tion, the whole system including controls had to be
simulated, because the ventilation is affected by both
external and internal boundary conditions. For wind
pressure coefficients (WPC), data provided by Air In-
filtration and Ventilation Centre (AIVC) was used
(Liddament, 1996). For the building prototype used
in the present study the most suitable WPCs can be
obtained for a low-rise building with length to width
ratio of 2:1, and fully exposed shielding condition.
The data for low-rise buildings is based on the com-
pilation of wind-tunnel data published in the AIVC
workshop (AIVC, 1984), and seven other bibliograph-
ical references, e.g. (Bowen, 1976) and (Wiren, 1985).
The external node of 1.66 m (ground to midpoint
elevation of windows) was selected as the reference
height for local wind pressure calculation.

Energy simulation scenarios

Different scenarios have been considered to investi-
gate the impact of different passive technologies and
control strategies and their trade off on the cool-
ing energy performance of the office building pro-
totype and benchmark them against the reference
model. With this regard, six different scenarios have
been considered; Scenario (a) is the reference building
(REF) which is described earlier in reference building
prototype section. Scenario (b) uses the same build-
ing prototype as reference model but with macro-
encapsulated PCM panels (PCM-NoVent) with op-
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timised melting temperature installed on the interior
surfaces of vertical external walls, internal partition
walls, and ceiling. It should be noted that, in this sce-
nario the PCM technology is the only strategy used
for passive cooling without any natural ventilation
system. Further information about the PCM tech-
nology and optimisation is presented in the following
section. Scenario (c) uses the reference building in
terms of natural nighttime ventilation (NNV) using
single-sided operable windows controlled by a con-
stant venting availability schedule which allows vent-
ing by opening 50% of all operable windows located
on the south and east-faced faades of the building,
independent of indoor and outdoor conditions from
12:00 am to 6:00 am for pre-cooling of the building
envelopes. It should be added that when the night
ventilation is active, the HVAC system is not allowed
to operate. Scenario (d) is the reference building in
terms of controlled natural ventilation (CNV) with
hourly indoor/outdoor temperature control for op-
erable windows. Scenario (e) is the building proto-
type with PCM coupled with nighttime ventilation
(PCM-NNV), and finally Scenario (f) is the build-
ing prototype enhanced by PCM and natural ventila-
tion implemented by operable windows controlled by
indoor/outdoor temperature difference (PCM-CNV).
In this scenario, the control system allows windows
to be opened by maximum opening factor of 50%
whenever the zone temperature is 3◦C higher than
outdoor dry bulb temperature, and higher than the
thermostat setpoint temperature, otherwise, the op-
erable windows will be kept closed. Table 1 sum-
marises different simulation and control scenarios.

Table 1: A summary of energy simulation scenarios.

Scenarios Descriptions
(a) Reference Building (REF)
(b) PCM-No Ventilation (PCM-

NoVent)
(c) Natural Night Ventilation (NNV)
(d) Temperature-Controlled Natural

Ventilation (CNV)
(e) PCM-Natural Night Ventilation

(PCM-NNV)
(f) PCM-Temperature-Controlled Nat-

ural Ventilation (PCM-CNV)

PCM characterisation

In the present study, a macro-encapsulated panel of
Rubitherm (Rubitherm, 2019) with thickness of 15
mm was considered. Each panel weighting 1 kg is
filled with RT PCM with heat storage capacity equiv-
alent to 42 Wh/kg. The selected macro-encapsulated
PCM has high latent heat capacity in narrow temper-
ature ranges, and the PCM can be filled in with dif-
ferent temperatures depending on the application and
climatic zone. To optimise the PCM melting temper-
ature for the selected cities, the methodology which
was proposed by Saffari et al. (2017) was used. In

this method, the PCM h-T curve is iteratively se-
lected which results in reduced simulation/optimisa-
tion time to find out the best PCM melting point
for the selected building model. On this basis, PCM
peak melting point of 25◦C was used for Midland,
Madrid, Tehran, and 23◦C for Abu Dhabi. Table 2
shows physical properties of the selected PCM.

Table 2: Physical properties of RT24 PCM.

Physical property Value
Specific heat 2 kJ/kg.K
Thermal conductivity 0.20 W/m.K
Melting area 21-25 ◦C
Heat storage capacity 160 kJ/kg
Max. operation temperature 55 ◦C

Building simulation and optimisation

EnergyPlus v8.9 (U.S. DOE, 2019) was used to carry
out the simulations. EnergyPlus whole-building en-
ergy simulation software is a powerful building en-
ergy and comfort simulation tool for modelling the
heat transfer in the building envelope, the energy re-
quirements of the building, and human thermal com-
fort. Many studies validated EnergyPlus algorithms.
For instance, the PCM algorithms were verified and
validated against analytical verification (Stefan Prob-
lem), comparative testing (against Heating 7.3) and
empirical validation (DuPont Hotbox) by Tabares-
velasco et al. (2012). Additionally, in many re-
searches, simulation results obtained by PCM model
of EnergyPlus were validated against experimental
data (Auzeby et al., 2016). In the current study,
in all models the simulation time step was set to 1
minute. All simulations were run for cooling months
only (June, July, August, and September). For op-
timisation of the melting temperature of PCM in
scenarios with PCM panels, GenOpt v3.1.1 (generic
optimisation program) was utilised (Wetter, 2001).
GenOpt performs optimisation of a user-defined cost
function such as, annual energy consumption, ther-
mal comfort, etc. using various numerical optimisa-
tion algorithms which could be selected by user.

Climate conditions and locations

As the main purpose of this study is to evaluate the
cooling energy performance, climates with high cool-
ing degree days were selected. Figure 5 shows the
annual hourly average of wind speed, outdoor air tem-
perature, and global horizontal solar radiation of the
selected cities. The updated Köppen-Geiger Kottek
et al. (2006) main climates classification was used as
a reference to the selected climates. In this classifi-
cation there are five letters to classify the world into
five major climate regions according to the average
annual precipitation, average monthly precipitation,
and average monthly temperature which are A: equa-
torial, B: arid, C: warm temperate, D: snow, and E:
polar. Moreover, the level of precipitation is defined
as W: desert, S: steppe, f: fully humid, s: summer
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dry, w: winter dry, and m: monsoonal. More details
are provided regarding temperature as h: hot arid, k:
cold arid, a: hot summer, b: warm summer, c: cool
summer, d: extremely continental, and F: polar frost.

Figure 5: Annual hourly average temperature, wind,
and solar radiation data of selected cities; Ws, wind
speed; DBT, dry bulb temperature; Gsolar, global hor-
izontal solar radiation.

The updated Köppen-Geiger (Kottek et al., 2006)
main climates classification was used as a reference
to the selected climates. In this classification there
are five letters to classify the world into five ma-
jor climate regions according to the average annual
precipitation, average monthly precipitation, and av-
erage monthly temperature which are A: equatorial,
B: arid, C: warm temperate, D: snow, and E: polar.
Moreover, the level of precipitation is defined as W:
desert, S: steppe, f: fully humid, s: summer dry, w:
winter dry, and m: monsoonal. More details are pro-
vided regarding temperature as h: hot arid, k: cold
arid, a: hot summer, b: warm summer, c: cool sum-
mer, d: extremely continental, and F: polar frost.
Further information about the selected climates in-
cluding elevation from sea level, and cooling degree
days (CDD) can be seen in Table 3.

Table 3: Data of the selected climates.

Weather/Location Elevation CDD
BSk-Midland (USA) 872m 3043
BWh-Abu Dhabi (UAE) 27m 6254
Cfa-Madrid (Spain) 582m 2057
Csa-Tehran (Iran) 1190m 3230

Results

In this section, the effect of different natural ventila-
tion strategies on the energy performance of the of-
fice building with and without passive PCM system
in different climates is investigated. Different scenar-
ios were considered to find out the best combination
of PCM and natural ventilation to enhance the over-
all cooling energy performance of the office building.
Figure 6 shows the simulation results obtained from
different passive technologies and natural ventilation
control strategies used in this study.

All energy saving results obtained by comparing en-

Figure 6: Cooling energy savings for each scenario.

ergy consumption of the reference building or Sce-
nario (a) which are 1639 kWh, 3575 kWh, 1263 kWh,
and 2127 kWh for Midland, Abu Dhabi, Madrid, and
Tehran, respectively. Results show that natural ven-
tilation has a significant potential in cooling energy
savings of the office buildings (small office building
prototype). Also, it can be observed from the Fig-
ure 6 that the natural ventilation has better benefits
when controlled through temperature difference be-
tween outdoor and indoor compared to ventilation
during night. This could be seen by looking at re-
sults of Scenarios (c) and (d) where the passive cool-
ing system was based only on natural cooling through
ventilation. Natural ventilation strategies achieved
substantial cooling energy savings in all studied cli-
mates. The higher cooling energy savings was 38%
(480 kWh) for Madrid and 13% (474 kWh) for Abu
Dhabi. The reason for lower energy savings in Abu
Dhabi is the elevated outdoor temperature especially
during nighttime so the heat stored in the building en-
velope during day cannot be adequately discharged to
the outdoor environment during night and get ready
to store heat for the next hours or day. This is-
sue is of a very high importance in case of PCM-
enhanced envelopes. However, these results might
vary depending on the building type, building size,
internal gains, control strategies, and location and
might not be suitable for all commercial buildings.
Hence, simulation and optimisation analysis are es-
sential steps for initial design and assessment of such
technologies. From these results it could be concluded
that by applying only control systems and operable
openings in office building considerable cooling en-
ergy savings could be obtained. In addition, it should
be highlighted that using only PCM passive technol-
ogy does not achieve considerable cooling savings in
office buildings with high internal heat gains. This
happens since PCM cannot be solidified during night
to be functional again next day and remains in its liq-
uid phase. By looking at the results of Scenario (b)
in different cities this issue can be clearly observed.
For instance, in Madrid the savings were only 5% (56
kW) and in Midland -0.3% (-5 kWh). However, and
more importantly, it can be noticed that the cooling
energy performance is further enhanced if the natu-
ral ventilation is coupled with passive PCM system,
except for Abu Dhabi, where coupling natural ven-
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tilation with passive PCM system has negligible im-
pact due to the fact explained earlier. The highest
cooling energy savings were achieved in Scenario (f)
where natural ventilation controlled through temper-
ature difference and was coupled with passive PCM
system. The corresponding energy savings in Madrid,
Midland, Tehran and Abu Dhabi were recorded as
54% (682 kWh), 33% (536 kWh), 20% (419 kWh),
and 13% (482 kWh), respectively. Based on these
findings, it can be concluded that cold outside air re-
moves the heat gains during the day from the passive
PCM system and charge it for the next cycle. The
consequent cooled system reduces the peak cooling
load, thereby decreasing the cooling energy demand.
As an example, in case of Scenario (f) a detailed anal-
ysis has been provided in Figure 7 for two days simu-
lation under the climatic condition of Madrid (1st to
2nd of July).

Figure 7: Indoor/outdoor temperature, calculated air
volume flow rate due to natural ventilation, and op-
erable window operation.
Figure 7 demonstrates outdoor dry bulb temperature,
indoor mean air temperature, PCM inside face sur-
face temperature of the south wall of the south zone,
opening factor of all operable windows on the south
wall, and numerically calculated air volume flow rate
due to natural wind and buoyancy forces. It can be
observed that when outdoor air temperature was less
than zone air temperature during night, early morn-
ing, and evening, the control system opens the vent-
ing windows to provide natural cooling and charge the
PCM incorporated into the building envelopes with
the cool outdoor air. Also, it can be seen that dur-
ing nighttime the natural ventilation provides 0.4 to
above 0.6 m3/s of air flow rate (all six large open-
ings in the south wall). By looking at the same figure
it can be derived that the 2nd of July, at 7 am the
PCM surface temperature is around 24◦C which is
below the melting point of the PCM used for Madrid
(25◦C). This shows that the natural ventilation and
the applied controlled strategy could charge the PCM
passive system with cool night and morning outdoor
temperature and increase the efficiency of the PCM
passive system.

Conclusions

This present paper evaluates the effect of natural ven-
tilation and PCM on the energy performance of office
buildings in different climates with high cooling de-
gree days. For this purpose, low temperature outside
air is used to remove the heat gains in the office build-
ing with passive PCM system. To enhance the bene-
fit of natural ventilation or free cooling different sce-
narios and natural ventilation control strategies were
implemented. This study aims to address the limi-
tation of passive PCM cooling system in which the
accumulated heat in the PCM is discharged to the
indoors, thus resulting in no substantial energy sav-
ings or higher energy consumption for space cooling
.The results presented in the study demonstrates that
better control of natural ventilation provides signifi-
cant benefits in term of energy savings in office build-
ings. But, the influence of free cooling is maximised
in the case of PCM enhanced office buildings with
proper natural ventilation and control systems. Of-
fice buildings located in climates with low nocturnal
temperatures such as Madrid with PCM and natural
ventilation controlled by indoor/outdoor temperature
difference (Scenario (f)) can achieve up to 54% higher
cooling energy savings compared to office buildings
without passive PCM and natural ventilation passive
system. In addition, using only PCM as a passive
cooling system in office buildings with high internal
heat gains leads to negligible energy savings. The
methodology used in the present study can be ex-
tended to more climates and different types of build-
ings, and further control and optimisation strategies
could be applied for optimising the passive cooling
systems based on PCM and natural ventilation.
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Abstract
Carbon emissions mitigation is driving the need to
decarbonize different energy systems. Alongside the
energy systems decarbonization, there is uncertainty
over determining the best goals in terms of cost and
emissions. In this work, a hybrid energy system which
consists of renewable energy systems, storage systems
and a diesel generator are considered to supply the
energy demands of an off-grid house. One of the
main challenges in off-grid systems is the trade-offs
between energy storage and importing diesel. This
challenge is due to the variability of both renewable
energy resources and the building demands. This
paper introduces an energy hub model that is used for
the optimal sizing and operation of an energy system.
Four scenarios are considered to decide how well an
off-grid system works in term of its total cost and
greenhouse gas emissions.
Our results show that hybrid systems are 35% cheaper
(over a 25 year lifespan) than the base case using a
diesel generator. This situation gets worse at higher
diesel prices, and is helped by lower PV and battery
prices, but not in a linear manner. This is illustrated
using contour plots that show the impact of different
combinations of variables.

Introduction
There are over 280 remote communities in Canada
which use diesel generators to meet electricity
demand (Royer, 2011; Canada, 2018). Use of
diesel fuel is expensive and has large carbon dioxide
emissions. Moreover, the total energy cost is not just
dependant on fuel cost. It is also affected by generator
size and efficiency and the cost of other utilities to
produce power all time (Royer, 2011). Moreover, fuel
prices are highly dependent on type of transportation
to site (Royer, 2011). We considered prices between
$1/L and $5/L to account for the very high cost of
transport to very remote locations.
Integration of renewable energy sources into these
systems is a possible solution to reduce carbon
emissions and decrease electricity costs due to lower

diesel consumption. As a result of renewable energy
resource variability, combination of various renewable
energy technologies increase the reliability of the
energy system, lower GHG emissions and may reduce
costs.
In recent years, a lot of research on off-grid hybrid
energy systems have been published. The various
studies differ by climate conditions, input data,
technologies and modelling framework. An economic
and technical simulation of a hybrid energy system
including a wind turbine, photovoltaic panels and
diesel backup for residential demand in remote areas
is studied by Saheb-Koussa et al. (2009). The
simulation in this study results indicate that the
hybrid system provides higher system performance
and reliability than photovoltaic or wind alone.
In 2012, Asrari et al. (2012) studied different
combinations of wind turbine, photovoltaic panels,
battery and diesel generator for a remote rural village
in Iran. A techno-economic model of hybrid energy
storage technologies for a solar-wind generation
system is evaluated in Ren et al. (2013). A multi-
objective optimization problem to minimize cost and
life cycle emissions of an off-grid PV-wind-diesel-
battery storage has been done (Dufo-López et al.
(2011)). The results in this study show high life
cycle emissions from PV panels, batteries, and wind
turbines leads hybrid energy systems to include a
diesel generator in order to reduce cost and emissions
even if the diesel generator only runs few hours in the
year.
There are various methods and tools that are used
in existing studies. A review of different approaches
for the optimum design of hybrid renewable energy
systems is presented in Erdinc and Uzunoglu (2012).
Sinha and Chandel (2014) presents a review of
software tools for hybrid renewable energy systems.
In Madziga et al. (2018), an optimization for system
operation based on energy demand supply, system
cost and emissions is done with the HOMER software
program. Furthermore, Ngan and Tan (2012);
Amutha and Rajini (2015); Abdilahi et al. (2014)
have used HOMER. Discrete Harmony Search, used
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for optimal sizing of an off-grid hybrid energy system
for electrification of a remote area in Iran, is presented
by Maleki and Askarzadeh (2014). The results of
this study are compared with the discrete simulated
annealing (DSA) algorithm.
Hot water tanks are often not considered in off-grid
energy systems since these studies focus on electrical
demand only, however they are considered in different
publications about on-grid energy systems. The
performance of a battery and hot water tank for on-
grid systems is compared in Parra et al. (2016) for
the UK. The results show integrating PV panels with
a hot water tank is the most advantageous economic
solution. In Casaleiro et al. (2018), a comparison of
different single household system configurations with
a focus on hot water demand is proposed. The results
in this study highlight integrating electrified hot
water systems with photovoltaic system can enhance
PV self-consumption and achieve lower costs.
The results of Ngan and Tan (2012) show that hybrid
systems are not the most economical in comparison
with diesel only systems, however the CO2 emissions
are reduced in hybrid systems by 34%. The economic
results in Saheb-Koussa et al. (2009) show that PV
systems are more competitive solution in comparison
with hybrid systems.
In this paper, a hybrid energy system including
PV, battery, heat pump, hot water tank and diesel
generator is defined to supply the electrical and
hot water demands of an off-grid house in Victoria,
Canada. We show the importance of renewable
energy technologies prices and fossil fuel costs on
the optimal sizing of energy systems in off-grid
communities.

Method
Energy hub model
The energy hub model was developed to manage
energy flows in a single building, building complex,
city or country (Geidl and Andersson, 2005).
It introduces a powerful modelling framework
which represents the interaction of various energy
conversion and storage systems. A new formulation
of the energy hub model is presented in Evins et al.
(2014) which addresses operational constraints which
represent plant performance. The advantage of the
energy hub approach is that various optimization
problems (for example energy consumption, cost,
emissions etc) can be solved. Additionally, the
energy hub concept can model many different energy
infrastructure.
In Figure 1, the energy hub model implemented
in this paper is presented. A brief description
is discussed in the following sections. For a
comprehensive description of the model, the reader
is referred to Evins et al. (2014).

Figure 1: Energy hub model.

Energy balance
The energy hub model in this study provides electrical
energy and hot water demand for a passive building
in Victoria, Canada. The energy inputs are converted
to energy output by means of conversion matrix C,
as shown in (1). The matrix C gives the conversion
efficiency between all inputs I and all outputs L.
The efficiency of all the technologies assumed to be
constant. Equation (1) can be rearranged to equation
(2) to allocate all decision variables P in the energy
hub model and to include storage into the demand
and supply balance. In equation (2), θ represent
energy conversion matrix in spare form (see Table 1)
which has one column per decision variable P.

L(t) = C × I(t) (1)

L(t) = θ × P (t) + echQch(t)− edisQdis(t) (2)

Where ech is the charging efficiency of storage system
and edis is discharging efficiency of storage system.
Capacity variables
The conversion between different energy carriers
represents different energy technologies in the model.
Each technology has an associated efficiency, lifetime
and maximum capacity which are listed in Table
1. In addition, there are limits on each conversion
according to the capacity of technologies (3).

P i(t) ≤ P i ≤ Pmax (3)

Where Pmax is the maximum capacity of each
converters (Table 1). The capacity P is a decision
variable of the optimization, allowing the energy
technologies to be sized and P(t) is the hourly flow.

Objective function
For optimizing the proposed energy system a linear
function is considered, aiming for minimal equivalent
annual cost (EAC), Equation (4). EAC is the annual
cost of installing and operating a system over its
lifetime. EAC is calculated by dividing the net
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Table 1: Energy technologies characteristics.
Technology Efficiency

(%)
Lifetime
(yr)

Max
capacity

PV 17.7 25 Unlimited
Diesel generator 0.46 30 Unlimited

Heat pump 4.54 20 Unlimited
Battery∗ 0.81 15 Unlimited

Hot water tank∗ 0.9 25 1000 (L)
*The energy efficiency of charging and discharging are equal.

present value (NPV) by an annuity factor A(t,r).

minEAC =
CInv

A(t, r)
+ Cop (4)

With:

CInv =
∑
i,j

(Ci
InvP

i + Cj
InvE

j) (5)

Cop =
∑
i

Ii(t)Ci
f (6)

A(t, r) =
1− 1

(1+r)t

r
(7)

Where CInv is the total installation cost, made up of
the price of each technology times the capacity. Cop

is total operation cost, made up of the input energy
I times the fuel cost Cf . r is the annual interest rate
in percentage per year, t is the lifetime in number
of the years (see Table 1). P and E are capacity
of each technology which will be determined by the
optimization model.

Storage
Storage systems are necessary to match supply with
demand. The storage level at each time step is shown
in (8).

E(t+ 1) = (1− ns)E(t) +Qch(t)−Qdis(t) (8)

Where E(t) is the storage level at time step t, ns

is the storage loss(%), Qch(t) is charging energy to
storage system and Qdis(t) is the output energy from
storage 1. The charge and discharge at each time
step should be lower than the maximum charge and
discharge according to technology properties (9, 10).

0 ≤ Qch(t) ≤ Qmax
ch (9)

0 ≤ Qdis(t) ≤ Qmax
dis (10)

1In the results, there are occasions when charging and
discharging of storage happen simultaneously. This occurs
during high solar radiation, when the model uses storage
to waste over-produced solar energy, since the PV is not
curtailable. This will have a minor influence on the results,
and could be avoided by shading the PV array at times of
oversupply.

Where Qch and Qdis are charge and discharge at each
time step and Qmax

ch and Qmax
dis are the maximum

charge and discharge of each storage system.
The storage level at each time step is limited by total
capacity of storage.

Emin ≤ E(t) ≤ Emax (11)

Where Emin and Emax are the minimum and
maximum level of each storage respectively. The
state of charge of the storage at the last timestep
of each year has to be equal to the state of charge at
the first timestep of the year.

E(0) = E(8760) (12)

The goal is to simulate behaviour of the storage that
would occur if it is optimized for continuous identical
days.

Energy scenarios
Four different scenarios are listed in Table(2). The
optimization for this energy system is done based
on different diesel fuel cost Cf , PV panel cost CPV

and battery storage system prices Cbat. In addition,
the optimization will be done with and without hot
water tank to compare the effect of thermal storage
on system cost and carbon emissions. The first
scenario includes only a diesel generator to represent
the cost and carbon emissions of the base case house.
In scenario 2 and 3 all of the technologies in Table 1
are available. In scenario 4, the energy system does
not include hot water tank. In scenario 2, the battery
storage system cost is the current price (Tesla, 2018)
and PV panels costs are lower than the current
price, at 3000 $/kW, to 1000 $/kw. According to
Fu et al. (2017), the residential PV system cost
benchmark (including module, inverter, structural
and electrical components and installation) reduces
by %63 from 2010 to 2018. Therefore, we assume
a long-term PV system price based on PV system
cost reduction in the future and also including the
potential for significant government subsidies for
remote communities. Scenario 3 optimizes the energy
system for different battery prices (700 to 200 $/kWh)
at constant PV costs (3000, 2400 and 1800 $/kW).
The energy system model is implemented in Python2.

Load and Irradiation data
Electrical demands are calculated using an
EnergyPlus model with the EPW weather data
for Victoria, a nearby weather station (EnegyPlus,
2018). Victoria is located 45 km from T’Souke First
Nation community on the coast of Vancouver Island.
The electricity load of the house is the total power
consumed per day by all appliances and electronics
in the household. It is assumed that the electrical

2https://gitlab.com/energyincities/python-ehub
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Table 2: Scenarios.
Scenario 1 2 3 4

PV Available No Yes Yes Yes
Cost ($/kW) - [1000-3000] 3000/2400/1800 [1000-3000]

Diesel
generator

Available Yes Yes Yes Yes
Fuel Cost ($/L) [1-5] [1-5] [1-5] [1-5]

Heat pump Available Yes Yes Yes Yes
Cost ($/kW) 500 500 500 500

Battery Available No Yes Yes Yes
Cost ($/kWh) - 700 [200-700] 700

Hot water tank Available Yes Yes Yes No
Cost ($/kW) Constant Constant Constant -

demand is required for lighting, appliances and
electronics (laptop and mobile phone). The total
area of the house is 200 m2. Hot water demand is
calculated based on an occupancy of 3 people which
is 75 litre/day per person. This is assumed to be
constant at each time step, since a standard hot
water tank can be used to buffer changes in hot
water load to match supply. Space heating demand
is ignored for this study; we assume that the house
is heated using a wood stove, as is typical in most
off-grid properties in Canada (Stephen et al., 2016).
Figure 2 illustrates the hourly PV energy available,
which was calculated using irradiance values for the
roof in the EnergyPlus model.

Figure 2: Hourly profile for solar radiation in
Victoria, Canada (Wh/m2).

Results
Figure 3 shows the optimization results in terms of
total system cost and total carbon for various cases.
The first scenario, the base case building with no
hybrid system, is shown in red. The total cost
changes from 477 to 2341 $/year, proportional to the
fuel cost changing from $1/L to $5/L. The carbon
emissions are constant at 1248 kg/year since there
is only a diesel generator to provide the electrical
demand of the house. The hybrid cases shown are
from scenario 2 and 3, and are labelled by battery
price ($200 to $700/kW) and PV price ($1800 to
$3000/kW).
In the second scenario, the storage system price is
constant (700 $/kWh) but PV panel cost and diesel
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(a) A comparison of the optimal cost values for different
cases. The base case (diesel only) is shown in red, but
truncated because the cost is so high at $5/L.
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(b) A comparison of the total carbon emissions values for
different cases. The base case total carbon emissions are
1248 kg/year for all fuel costs.
Figure 3: Optimal cost and total carbon emissions for
various cases.

fuel price are varied (PV between $1000 and $3000
and diesel fuel from $1/L to $5/L). Figure 4 illustrates
how the total cost and total carbon emissions change
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(a) Total Cost ($/year).
The color gradient shows total cost in $/year.

(b) Total Carbon (kg/year).
The color gradient shows total carbon in kg/year.
Figure 4: Scenario 2 (Energy storage system cost is
constant).

based on this. The total cost increases when the
PV panel price increases, but the lines of equal cost
are not linear. Total carbon emissions changes are
also not linear. For a PV price of $1000/kW, $1/L
diesel fuel price results in 200kg/year total carbon
emissions, but the price has to reach $2/L to get to
100kg/year. At the current diesel price ($1/L), there
is no change in the total cost or total carbon emissions
when PV price is in the range of 2500 to 3000 $/kW.
Next battery price changes are considered to assess
the effect of storage system price. The optimization
is done for three different PV prices, 3000, 2400 and
1800 $/kW. It is shown in Figure 5 that for the current
diesel price, a substantial reduction in battery price
to below $400/kWh results in lower carbon emissions
to below 400kg/year, and there is also a reduction in

total cost to below $300/year. At higher diesel prices
these transitions occur earlier and more dramatically.
Figure 6 and 7 show total cost and carbon emissions

(a) Total Cost ($/year).
The color gradient shows total cost in $/year.

(b) Total Carbon (kg/year).
The color gradient shows total carbon in kg/year.

Figure 5: Scenario 3 with PV price of 3000$/kW.

for PV prices of 2400 and 1800 $/kW respectively
while battery and diesel fuel prices are varied. These
show that the transitions discussed above occur even
earlier at lower PV prices, as the system is better able
to take advantage of the cheaper storage.

Table (3) shows the technologies sizes of different
cases. Total cost of hybrid system increases when the
diesel fuel cost increases. The total cost increase in
hybrid systems is the result of higher PV capacities
and also increase in operation cost due to increase
in diesel price. The diesel generator size decreases
linearly when the diesel fuel increases. Reduction
in battery cost affect total carbon emissions decrease
more than total cost of system.
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(a) Total Cost ($/year).
The color gradient shows total cost in $/year.

(b) Total Carbon (kg/year).
The color gradient shows total carbon in kg/year.

Figure 6: Scenario 3 with PV price of 2400$/kW.

Figure 8 shows the effect of removing the hot water
tank from the energy system when the battery price
is constant at 700 $/kW. In comparison to Figure
4, there is a dramatic increase in system carbon
emissions and costs, particularly at high diesel prices.

Discussion
In the previous section, different scenarios are
considered to find the effect of energy converter and
storage costs as well as diesel fuel cost on the total
cost and carbon emission of a hybrid energy system.
The results show that hybrid PV systems are
beneficial for off-grid buildings. All hybrid scenarios
are cheaper than the base case even at current diesel
price ($1/L). Comparison between the base case and
the most expensive scenario (battery $700/kWh, PV

(a) Total Cost ($/year).
The color gradient shows total cost in $/year.

(b) Total Carbon (kg/year).
The color gradient shows total carbon in kg/year.

Figure 7: Scenario 3 with PV price of 1800$/kW.

$3000/kW) at current diesel price highlights that the
total cost of the hybrid energy system reduces by
35%. Moreover, the total carbon emissions is 40%
of the first scenario. However, this is largely due to
the annualization of investment costs over the lifetime
of the technology: at the current diesel price, the
base case investment cost CInv is 11 $/year and the
operational cost Cop is 466$/year. In comparison, the
most expensive hybrid system the investment cost
is 118$/year and the operation cost is 194$/year.
Therefore, even though over 25 years the hybrid
system is cheaper, it requires ten times the initial
investment.
The effect of diesel fuel price on hybrid energy
systems is studied. Diesel price is typically high
in remote communities due to unique geographical
and operational limitations. Many factors affect
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Table 3: Capacity table.
Diesel
price
($/L)

Diesel
generator
size
(kW)

Heat
pump
size
(kW)

PV
size
(kW)

Battery
size
(kWh)

Carbon
emissions
(kg/year)

Cost
($/year)

Base case 1 0.5 0.1 0 0 1248 477
Base case 3 0.5 0.1 0 0 1248 1409
Base case 5 0.5 0.1 0 0 1248 2341

Battery $700/kWh,PV $3000/kW 1 0.5 0.5 1.2 0.5 518 311
Battery $700/kWh,PV $3000/kW 3 0.4 0.7 2.9 2.1 196 520
Battery $700/kWh,PV $3000/kW 5 0.3 1.3 4 2.7 120 634
Battery $200/kWh,PV $1800/kW 1 0.4 0.5 2.4 1.9 249 225
Battery $200/kWh,PV $1800/kW 3 0.3 0.6 4.6 3.9 93 347
Battery $200/kWh,PV $1800/kW 5 0.2 0.6 6 5.3 45 392

(a) Total Cost ($/year).
The color gradient shows total cost in $/year.

(b) Total Carbon (kg/year).
The color gradient shows total carbon in kg/year.

Figure 8: Scenario 4 (without hot water tank).

diesel price in remote communities including mode
of transportation (by air, barge or road), remoteness
of location and etc. Modelling the energy system
based on different diesel fuel prices makes it possible
to determine the impact of this on energy systems in
the future, allowing more robust decisions to be taken
now to account for this.
The effect of hot water storage is further studied
for varying PV panel prices, since the changes in
hot water demand affect electricity demand. The
exclusion of a hot water tank results in much higher
carbon emissions since the operation of the diesel
generator increases. This highlights the importance
of the hot water storage system for buffering changes
in PV availability, since hot water storage is always
significantly cheaper than batteries.
Therefore, hot water tank installation will improve
the total cost of the hybrid energy system as
well as carbon emission reduction. This shows
the importance of adding a water tank to these
systems and should be considered in future studies
as an option to lower environmental impact. A
limitation of this study is that it did not consider
the impact of hot water demand timing, or the input
water temperature, storage duration and output
water temperature. In future work, the temporal
distribution of hot water demand as well as different
efficiency factors of the hot water tank and their
importance will be studied.

Conclusions
This paper presents the modelling and optimization
of a hybrid system for supplying electricity and hot
water to an off-grid building in Victoria, Canada. The
optimal sizing of the system is found by using the
energy hub model and the results are compared for
different diesel fuel prices. Furthermore, it is explored
how different scenarios of future PV and battery cost
affect optimal system choice and performance. Our
results show that hybrid systems are 35% cheaper
(over a 25 year lifespan) than the base case using a
diesel generator. This situation gets worse at higher
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diesel prices, and is helped by lower PV and battery
prices, but not in a linear manner. This is illustrated
using contour plots that show the impact of different
combinations of variables. Moreover, the importance
of hot water tank for buffering PV fluctuation is
shown in the results.
From all the scenarios studied in this work, it
is readily observed that hybrid energy systems
are applicable solution to both economic and
environmental concerns if renewable energy source
are taken seriously when designing energy systems.
Canada’s remote communities are different, and there
is no simple solution that will address their unique
energy systems needs. In future, we will consider
different weather data across Canada. In addition, we
will take into account the modelling and optimization
of energy systems to supply heating and cooling load
in future work.
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Abstract

We investigated the possibility of using deep coaxial
borehole heat exchanger as a potential storage device
of not only heat or coolness, but also an invaluable
device that shifts the peak load of both heating and
cooling for an electric system. We want to, therefore,
investigate the potential of using CBHE as a battery.
Using a bottom-up approach, we analyzed the exist-
ing literature and adapted the existing model with the
sole emphasis on the thermal improvements of deeper
borehole when considering the impact of geothermal
gradient. This paper presents some preliminary anal-
ysis of how CBHE configuration can be used to max-
imize its performance as an energy storage option.
Future work on improving the accuracy of the model,
validate with data from an actual borehole as well as
conducting multi-variate rigorous optimization could
further improve the current study.

Introduction

The geothermal gradient is usually a component that
is overlooked for shallower geothermal applications
when it comes to building system designs as per DiP-
ippo (2004) - wells are often drilled shallower since the
amount of heat extraction is limited by the depth that
the well can reach, or in the case of using a borehole
heat exchanger (BHE): the maximum of the temper-
ature of soil it can extract fromLadislaus Rybach and
Robert J. Hopkirk (1995).

Some recent studies have pointed out that increas-
ing the depths of the wells may potentially lead to a
higher temperature at the bottom of the borehole and
hence making the boreholes more suitable for charg-
ing and discharging under different operating scenar-
ios, for example, both heating and cooling at the same
day during a swing season GUILLAUME (2011). The
resulting temperature fluctuation at the borehole wall
needs to be considered as a part of objective function
when trying to optimize for a hypothetical BHE. The
coaxial borehole heat exchanger (CBHE) configura-
tion is known to be able to harvest the maximum
amount of heat - particularly when the inner pipe
is insulated. We present a novel approach to analyti-
cally simulate the vertical temperature distribution in
such a CBHE concerning different heat injection/ex-
traction under transient conditions as shown by Palm
et al. (2014).

Conventionally, the method to evaluate the tempera-
ture distribution inside a CBHE is very limited to
either doing the simulation in computational fluid
dynamics simulation by segmenting the entire fluid
regime into different finite volumes, or finite element
modeling of flow using algorithms such as FEFLOW.
Very few researchers have worked on providing an an-
alytical solution for the heat transfer from the fluid
inside coupled with the geothermal gradient in the
meantime.

We have adapted, for this paper, a novel analyti-
cal approach that was first developed by Beier et al.
(2013), which solves for the vertical temperature pro-
file at different depths inside the borehole for any
given combination of CBHE configurations and flow
rates. We were, therefore, able to calculate the added
thermal benefit from having a borehole that has
larger depth and a lower flow rate. More importantly,
this means added storage capacity for heat/coolness,
as the transient increase/decrease of temperatures’
disruption towards the borehole wall temperature at
every single time step of the simulation without so-
phisticated segmentation of the overall CBHE geom-
etry Palm et al. (2014).

We have completed the analytical model and were
able to simulate different borehole wall temperature
during stages of constant heat injections (model from
Acuña and Palm (2013) as well as variable temper-
ature injections Palm et al. (2014). The fluctuation
from added heat extraction appears to be providing a
less pronounced curve of vertical temperature distri-
bution, which appears to be supporting our hypoth-
esis of CBHEs being fit for rapid charge/discharge
during energy storage. We are in the process of ex-
panding our analysis towards more configurations and
geothermal gradients in the borehole to provide a
more comprehensive set of data for further analysis
and are expecting to provide those discussions in the
near future.

Methods

Analytical model

Adopting the analytical model first developed by
Beier et al. Beier et al. (2013) and incorporating
the methods used in a transient heat exchange anal-
ysis Palm et al. (2014), we were able to establish a
bottom-up model that describes the heat exchange in-
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side a coaxial borehole heat exchanger within its inner
pipe, annulus, and the surrounding soil. The non-
dimensionalization of the temperature Equation 1
from central tube (TD1), annular pipe (TD2) and soil
(TDS), while the radial distance from the centre, dis-
tance from ground surface and time can all be non-
dimensionalized following Equation 2,3 and 4 to have
the heat transfer solved first in the Laplace Domain
before being converted back to the real-time scale
through Inverse Laplace Transformation. The ther-
mal conductivity and heat capacity of soil kS , cS as
well as the well configuration follows Beier’s studies
such that the experimental data in the original study
can be used to validate the new model.

TD =
T − Trs

Tin − Trs
(1)

rD =
r

reo
(2)

zD =
z

L
(3)

tD =
kSt

cSr2eo
(4)

Following the non-dimensionalization, the energy bal-
ance between the flow channels and the surrounding
soil takes the form of Equation 5 and 6.

AD1

2

∂TD1

∂tD
+

∂TD1

∂zD
+ N12(TD1 − TD2) = 0 (5)

NsAD2
∂TD2

∂tD
− ∂TD2

∂zD
+ N12(TD2 − TD1)+

Ns(TD2 − TSD) = 0

(6)

Using boundary conditions at the top and bottom
of the storage on top of the continuity equation of
the flow, we obtained solutions for two flow channels.
These boundary conditions may therefore be written
as Equation 7, 8 and the far-field boundary condition
in the radial direction that is the same as geothermal
gradient in Equation 9.

TD1(0, tD) = 1 tD > 0 (7)

TD1(1, tD) = TD2(1, tD) tD > 0 (8)

∂TDS

∂zD
(rD →∞, tD, zD) = gD(zD) tD > 0 (9)

Solving the heat transfer inside the CBHE first un-
der its Laplace Transformation as was the work from
Palm et al. (2014), its solution is then brought back
to the real-time domain by doing the inverse Laplace
Transform with Stehfast Algorithm as suggested by
Beier et al. (2013). Assuming a constant flow rate
of 0.58 L/s (also as used by Beier et al. (2013)), the
resulting flow across the inner pipe and the annulus

can be solved by introducing the resulting linear ve-
locities and hydraulic diameters to obtain Reynolds
number, Nusselt number as did Palm et al. (2014)
to estimate the convective heat transfer coefficient at
various flow/pipe interfaces as proposed by Gnielinski
(1976). Using the boundary conditions from Equa-
tion 9, 8 and 7, it is, therefore, possible to solve for
the individual temperature expressions for both the
inlet and outlet flow paths, which when solved in the
real-time domain needs to go through also the inverse
Laplace Transformation.

The adapted model has clear limitations despite being
verified against the original model and data with rea-
sonable accuracy, that it lacks the second set of data
to be validated against: although Palm et al. (2014)
was able to achieve transient temperature modeling,
we adapted this non-dimensionalize method for our
study where the temperature injected is also assumed
a known variable of the working fluid which interacts
with the CBHEs. One additional difference is the
selection of the reference temperature of the ground
Trs was assumed to be 8.4 degree Celsius, as was de-
fined by Beier et al. (2013). As we’re considering a
temperature distribution along the borehole depth,
the ground temperature is no longer a constant one
as assumed by the existing models, but should have
minimal effect on the results that we can obtain from
the model, as the reference temperature Trs is only
used to reduce the computational costs for the tem-
peratures that we can get from the model. Acknowl-
edging the potential of increased computational time
because of incorporating intense iterations, we will re-
main using the same temperature non-dimensionalize
method shown in Equation 4 within the scope of this
study.

CBHE as a battery

The concept of a (or several) deeper CBHE acting
as a battery is both easy and difficult to understand:
Easy being the clear thermal benefit of harvesting
the warmer temperature closer to the bottom of the
borehole, and dumping heat closer to the top. This
same concept formed the basis of creating Figure 1.
Essentially, it stores heat in summer by dumping
heat to the bottom of the borehole and discharge
the stored heat in winter by extracting it from the
bottom through the inner pipe. More complex oper-
ations during the swing season can also be achieved
through optimized dumping and extraction of heat
to the borehole but is beyond the scope of this pa-
per. To better reflect how the CBHE could have
varying performance when the geothermal gradient
varies, we also investigated how the geothermal gra-
dient affects the resulting temperature distribution
inside a CBHE. Since the most common geothermal
gradient ranges from 1 Kelvin per 100 meters to 5
Kelvin per 100 metersRybach et al. (1992), we se-
lected three different values to estimate the influence
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Figure 1: Conceptual drawing of CBHE and its func-
tionality when used as a thermal battery for energy
delivery systems.

of geothermal gradient on the resulting thermal per-
formance of a CBHE. Unlike varying the inner pipe
radius, pipe wall thickness as well as the piping mate-
rials, which change the shunt resistance (as shown in
Figure 2) of the borehole, the geothermal gradient is
a variable that is not subject to any changes in design
when a project location is determined.

Results

We were able to produce a series of temperature
distribution inside CBHEs with different geothermal
gradients as well as different CBHE configurations.
To better reflect the assumptions used in each case,
we are plotting all the underlying assumptions in the
corresponding legend used when generating the fol-
lowing figures. It is important to stress that the tem-
perature profile of the borehole wall is updated at
every single step such that the transient heat transfer
between the borehole and the working fluid can be
carried over to the next time step.

Changing the inner pipe thickness and its thermal
conductivity resulted in the most obvious change of
temperature distribution inside the CBHE, as was
shown in Figure 3. When the thickness of the inner
pipe decreases, the shunt resistance increases while
the cross-sectional area of the inner pipe also de-
creases, which pushes the temperature drop in the
inner pipe down to below 1.5 degree Celsius.

Assuming a more insulated inner pipe with a smaller
cross-sectional area, i.e., lower temperature drop in
the inner tube, Figure 4 shows the temperature dis-
tribution inside the CBHEs when depths vary assum-
ing various geothermal gradients. It is essential to
point out much of the heat extraction rate normal-
ized by depths are extraordinarily high and unlikely
to be designed since they not only require a signifi-
cant amount of pumping power, but can also cause
geothermal depletion rather quickly since the heat

extraction normalized by depths are far much be-
yond the 50 W/m that is commonly used to estimate
the thermal potential of CBHEs during operation as
pointed out by Acuña (2013). During a shoulder sea-
son where the demands of heating and cooling may
be balanced within either a diurnal cycle or over an
entire week, operating a CBHE-based system rapidly
with different injection temperatures towards differ-
ent depths - and could become an exciting future di-
rection of research.

Varying the flow rate could also lead to significant
variation of heat extraction rates, or as shown in Fig-
ure 5. Straightforwardly, the larger the flow rate, the
larger the heat extraction rate, and the lower the tem-
perature available at the outlet/bottom of the bore-
hole. The heat exchange between the working fluid
and the surrounding soil can be either enhanced by
changing the flow regime through increasing the ve-
locity or decreasing the cross-sectional area for the
flow to move through, which coincide with the obser-
vations we made when changing the thickness of the
inner pipe and holding the exterior diameter of the
inner pipe and the outer tube the same. Also, we
showed the temporal variation of the total extraction
rate from a CBHE when keeping the injected water
at 5 degree Celsius. The heat extraction rate fluctua-
tion at the first two hours is due to the instability of
the soil thermal resistance estimation for early-state
operations of CBHE.

The investigation of the suitability of the CBHEs as
batteries, on the other hand, also requires more de-
tailed examination, specifically relating to the result-
ing temperature profile as assumed in Figure 1. The
temperature at the top and bottom of the CBHEs will
vary on a case-by-case basis, and requires more de-
tailed investigation to satisfy project-specific needs,
and could be investigated more thoroughly with a
specific site and a set of geological conditions. Al-
though we can show the resulting temperature pro-
files inside the CBHE to potentially illustrate the
thermal potentials harvested from deeper wells, the
resulting temperature distribution will remain place-
holders before a more practical set of parameters
backed with experimental data. The Beier dataset
that we’re currently using to verify our model is from
a borehole that is 178 meters deep, including an 18-
meter deep top section. As we’re attempting to ver-
ify the geothermal performance of deeper boreholes
that are 1000 meters or even 2000 meters deep, this
dataset alone is most likely not going to be enough
to validate the applicability of the proposed model on
deeper CBHEs. It is therefore highly desirable to ob-
tain datasets that provide information of temperature
distribution inside deep CBHEs with more consider-
able depths - preferably after more extended periods
of operation, as the current Beier data only shows the
results after 67 hours of operation.
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Figure 2: Cross-sectional diagram of how the thermal resistance of a CBHE can be calculated.

Figure 3: Temperature distribution along flow path
variation with different levels of insulation for the in-
ner pipe

Discussion

Starting from the analysis of the results that we have
shown in this paper, it would be fascinating to ques-
tion whether any of them may link to the capacity
of CBHEs as batteries that can be used to optimize
the grid performance. Using heating degree days and
cooling degree days, for example, could help to gener-
ate a baseload profile as the load for the CBHEs. Us-
ing these load profiles, it is possible to estimate the re-
sulting demand peak of both the heating in the winter
and cooling in the summer, which can be mitigated
by electrification of the CBHEs, as the boreholes can
be charged with heat during the summer and strate-
gically export these heat during cold winters. We
may achieve this either with conventional electricity-
driven heat pumps or even more drastically, through
direct heat exchange between the borehole and the

Figure 4: Temperature distribution variation with re-
spect to different geothermal gradients and ample in-
sulation on the inner pipe assumed

buildings via the working fluid.

The impact of using thermal energy storage, i.e., CB-
HEs that are deeper than conventional ones in this
paper could apply to other use cases: the direct usage
of heat from the bottom and the direct cooling from
the top of CBHEs might be possible by arranging the
flow rate or CBHE design accordingly. The electric-
ity demand profile could, therefore, have their peaks
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Figure 5: Temperature distribution along flow path
variation with different flow rates and their resulting
heat extraction rates simulated at the 100th hour (top)
and total heat extraction change over time.

reduced and shifted, thus providing valuable reliefs
for the grid during hours of high energy demands.

Future discussions on this topic could also focus on
the simulation of the demand profile of both the heat
pump and the direct use scenarios under different us-
age/occupancy profiles, i.e., residential, commercial
or mixed-uses. The resulting temperature fluctua-
tions, as well as the energy demand, may provide
valuable insights to future system designs as well as
guidance towards additional optimization efforts. Re-
distributing the heat or coolness through optimized
thermal storage and thus reducing the electricity de-
mand is only one possible usage of the proposed tech-
nology.

Modeling on how the temperature evolves, more pre-
cisely speaking on the feasibility of the usage of direct
heating could also be investigated in future studies.
According to a preliminary analysis that we have con-
ducted on the potential COP of the resulting CBHE
system, a small temperature lift on the supply side
could suggest a resulting COP of up to 40 but needs
more detailed modeling in future studies. The present
study provides only theoretical and preliminary in-
vestigations towards possible operation scenarios for
a CBHE when varying its configuration and overall
design parameters, and maybe further improved with
more realistic flow rates to reach better simulation
results with more realistic load profiles.

The pumping power and drilling costs could po-
tentially also be an exciting future research topic.
An analysis on estimating the return on investment

(ROI) or life cycle assessment (LCA), for example,
could significantly increase the likelihood of this re-
search to be applied in real funded projects. Such
economic or enviro-economic analysis should help
not only evaluating deeper CBHEs among renewable
technologies, but also elicit interests among other re-
searchers to build similar CBHEs, thus provide more
datasets from different locations and geological make-
ups around the world.

This analytical model may not be as precise as a nu-
merical model that solves the heat transfer at every
node/finite volume but requires significantly reduced
computational time. As we set up the Python-ready
class and have it initiated for each configuration, the
simulation of the resulting temperature distribution
profile (including and not limited to the temperature
at the inlet, outlet, and the immediate surrounding
soil) requires less than 20 seconds to compute when
the simulated time frame is smaller than 100 hours.
Comparing to the time that might be necessary to set
up a CBHE model with detailed mesh, this is a far
more desirable option since the geometry, depth and
geothermal gradient can be varied when the proposed
analytical model is used to evaluate different CBHE
configurations. Acknowledging the limitations of the
proposed methods, we believe the strengths in com-
putational time should also be emphasized, particu-
larly within the scope of this paper.

Conclusion

We developed a bottom-up analytical model of a
coaxial borehole heat exchanger that takes into ac-
count of the geothermal gradient when modeling
its longer-term performances. Using the analytical
model to generate corresponding thermal resistance,
we were able to show how the thermal performances
of coaxial borehole heat exchangers vary under dif-
ferent configurations and flow rates for the CBHEs.
According to our results, a very effective method that
improves the performance of CBHEs is to insulate the
inner pipe - thus effectively increasing the resulting
temperature at the outlet at CBHE. The tempera-
ture drop within the internal (central) tube could go
down to below 1 degree Celsius if the right combi-
nation of design variables is selected, which in turn
risks the geothermal depletion of targetted boreholes
as heat extraction normalized by depths goes beyond
50 W/m.

Future research was deemed necessary on both the
direction of understanding the relationship between
precise temperature profile modeling and the long
term performance of CBHEs - and how this might be
used to shift the energy demand during peak heat-
ing/cooling scenarios. Additional discussions on how
to use CBHEs indirect heating/cooling mode could
help to quantify the exergetic efficiency, or the COP of
overall system in contrast to conventional heat pump
mode could also be considered valuable, in particular
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for boreholes that are deep enough to provide tem-
perature output that is suitable for direct heating in
the winter.
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