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Abstract

Nowadays the main challenges and principles to increase energy efficiency in the buildings sector are: a very high energy performance of
buildings, a significant extent of renewable energy sources and a minimum use of fossil fuels. Therefore, a wide variety of the software is
used to analyze the building energy performance, integration of renewable energy into various energy systems. This paper presents the
comparison of simulation results generated by TRNSYS, Polysun and energyPRO software. These applications have been used for the
analysis of a solar water heating system for the domestic hot water (DHW) preparation. A single family individual house, located in the
cold climate, has been chosen as a case study. The building energy demand for the DHW preparation has been analyzed. The results show
differences in total annual and monthly solar fraction for the DHW coverage, the heat losses of a storage tank and the energy demand
from an auxiliary heat source. This study presents that simulation results using TRNSYS and Polysun can be considered as more reliable
that results of energyPRO simulation.

Keywords: solar water heating system; simulation; TRNSYS; PolySun; energyPRO.

Nomenclature

a; linear loss coefficient for flat-plate collectors, W/m*K

a; quadratic loss coefficient for flat-plate collectors, W/(m*K)*
Mo optical efficiency factor

Abbreviations

DHW  domestic hot water

IAM  incident angle modifier

NZEBs net zero energy buildings

SC solar collector

SCHX solar collector heat exchanger

SWH  solar water heating

1. Introduction

In developed countries, energy consumption in the building sector represents a major part of the total energy budget. In the
European Union this is approximately equal to 40% of the total energy consumption. A considerable percentage of this
amount is spent for hot water production. One way to reduce this amount of energy is to employ solar energy [1].

Solar water heaters are the most popular means to use solar energy because of technological feasibility, low temperature
operating conditions and economic attractions in comparison with other kinds of solar energy utilization. This technology
has been well developed and can be easily implemented [2-3]. However, the cost of solar energy systems needs to be
reduced in order to make thermal collectors competitive in cold climate countries [4].

Solar water heating (SWH) technologies have been the subject of many investigations. Biaou and Bernier examined
various means of producing domestic hot water (DHW) with renewable energy in net zero energy buildings (NZEBs). Their
results showed that heating DHW with thermal solar collectors with an electric backup is the best solution for analyzed
building [5]. The simplified procedure of considerable interest when assessing the energy feasibility of a solar system with
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reference to other solar conversion technologies was proposed by Raffenel ez al. [6]. Their analysis showed that proposed
procedure requires a good deal of data on the solar system and also a well skilled designer; the required data are not always
known and greatly affect the system performance in the energy simulation. The potential for using solar technologies and
thermal energy storage technologies in a region of Northern Europe (Welsh housing) was made by Ampatzi et al. [7]. It was
revealed that for most cases, if reasonable sized stores would be used (up to 300 kWh thermal energy storage capacity) then
the solar contribution to the overall thermal consumption, in the most favorable conditions, would be around 42—58%. The
optimized system can fulfil 83—97% of the DHW demand during May to September [8]. A daily averaging sizing method of
solar combi-systems was proposed by Lund (2005) and compared with the results of the TRNSYS software. The method
was used to analyze the economic trade-off between collector area and heat storage volume coming to the result that it is not
economically rentable to increase the size of the heat storage much beyond the daily capacity [9].

Solar energy is characterized by a great variability in time, it is necessary to perform detailed transient analyses. Such
analyses require the input of a great number of parameters, whose value can sometimes hardly to be determined and that are
not at the disposal of the designer during the initial design phases of a system. As a result they are set to the default values
suggested by software manuals. It is well known that it is in the initial design phases that decisions will affect the
performance of a system [6]. Different computational tools have been developed to evaluate the long-term performance of
solar systems and the effect of design parameters. However, when beginning an investigation into the potential of solar
energy use, it is difficult to identify which energy tool is better suitable for the investigation [8, 10]. It is eventually the
modeller’s decision in level of modelling complexity that determine whether the simulated environment is representative or
no of a particular case [11].

The present work is focused on using three different computational tools (TRNSYS, PolySun and energyPRO) to analyze
a forced circulation solar DHW heating system for a single family detached house in Vilnius in Lithuania. The paper
contains an individual description about each of the software and application of it for a case study. The present study
determines that the main differences of simulations results of the SWH system occur during the evaluation of the thermal
efficiency of solar collectors, energy out of the auxiliary heater and heat losses of the pipes and the storage tank. The
overestimation of the performance of the SWH heating system can lead to an incorrect size of the solar collectors, the
auxiliary heat source and the storage tank in the early design stage of the energy system of the building.

2. The overview of selected software
2.1. TRNSYS

TRNSYS is a transient systems simulation program that has been commercially available since 1975 [12]. This software has
been used extensively to simulate solar energy applications, conventional buildings, and even biological processes [8, 10,
13—14]. The software has a modular structure with a main visual interface. Users simulate complex systems in TRNSYS by
selecting system components and linking together their inputs and outputs.

There have been several studies that used TRNSYS to evaluate the effect of different design parameters and operation
conditions on the performance of thermosyphon SWH system and forced circulation systems [2, 7-8, 15]. TRNSYS also
can be used for an analysis of a single component or physical phenomena in the SWH system, for example, thermal
stratification in storage tank [15—18]. In this work, TRNSY'S simulation tool is chosen due to the wide spread of this tool in
the field of energy simulation, the wide variety of validated and published results in the field of energy simulation.
Therefore, TRNSYS was selected as the main program and its results were compared to other simulation tools’ generated
results.

2.2. Polysun

The Polysun program performs the dynamic annual simulations of solar energy systems and helps to optimize them [19].
The program is user friendly and the graphical user interface permits comfortable and clear input of all system parameters.
All aspects of the simulation are based on physical models that work without empirical correlation term [20]. The input of
the required data is very easy and done in a ready-made graphical environment [20]. In addition, the program performs
economic viability analysis and ecological balance, which includes emissions from the eight most significant greenhouse
gasses, thus the emissions of systems working only with conventional fuel and systems employing solar energy can be
compared. Program Polysun was validated by Gantner (2000) and was found to be accurate to within 5-10% [21].
Considering a mean simulation time of 1 minute for a one-year simulation, the software Polysun is chosen to perform the
analysis of solar energy system.

2.3. energyPRO

The energyPRO tool is a complete modeling software package for combined techno-economic design, analysis, and
optimization of cogeneration, trigeneration projects as well as wind power and solar energy projects [22]. It is developed
and maintained by the company EMD International A/S in Denmark. It can model all types of thermal generation except
nuclear, all renewable generation, and all energy storage units to complete the analysis. The analysis is carried out using a
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one-minute time-step for a maximum duration of 40 years [10, 23]. Normally, energyPRO is used to model particular
energy projects, but it can be used also in different manner, for example, it is possible to model the heat demand from a
group of NZEBs with solar energy production and connect the group of NZEBs to a district heating grid [24]. This software
also was used to analyze the preparation of DHW in a multi-storey building using solar energy [25]. The applications of this
tool of other authors show that the customization level of energyPRO is low and rough simulation results are obtained.
However, comparing energyPRO with other analysed tools, energyPRO provides the possibility to create a simulation
model quicker (less time-consuming).

3. Case study and main assumptions
3.1. Hot water load profile

The case study presents a typical single family detached house with two adults and two children. The energy demand for hot
water preparation is 3825 kWh/a. The average DHW consumption is 50 liters per person per day. Therefore, the SWH
system is designed to provide 200 I of hot water per day at 55 °C for the single family detached house.

The hourly distribution of DHW consumption during a day is affected by several factors. Usually, it varies from day to
day, from season to season and from family to family. Different cyclic load profiles such as Rand, constant, early morning,
early afternoon, late morning, or late afternoon have been considered and studied in the literature [8, 26-28]. The daily load
profile of the system examined in this study is shown in the Figure 1. This profile is used in accordance with a typical hot
water usage model [26]. Monthly average inlet water temperature is a function of outdoor ambient air and main supply
water intake temperatures. However, an average temperature of cold water is assumed to be 10°C and it is constant
parameter in all simulations.

3.2. System configuration

The system consists of solar thermal energy collectors, a circulation pump, a storage tank, an auxiliary heat source, shut-off
and control valves, differential temperature controller. Main characteristics of used flat-plate collector by all simulation
tools were taken from test report: KTB Nr. 2006-30-en made by Fraunhofer Institute for Solar energy Systems [29]. The
main components of the system are shown in the Figure 2 and described below.

As can be seen from Figure 2, the heat for DHW preparation is supplied by the 7.21 m* of flat-plate solar collectors and
the additional heat source with the heating capacity of 5.0 kW. Three units of solar collectors make one array. The total
gross area of solar collectors has been foreseen in order to achieve approximately 100% coverage of the heat demand during
June to August. An orientation of the solar collectors is to the south. A tilt angle of 45° and the storage tank of 0.3 m’ are
assumed. The circulation pump of 32 W is foreseen. The specific flow rate in the solar collector loop is 40 1/h/m?.

Pipe losses of solar collector (SC) system and storage tank losses are taken into account in the case study. The piping of
the SC loop is made from seamless copper, the diameter is 22x1.2 mm and insulated with the thermal insulation of 25 mm.
The length of outdoor piping is 15 m and the length of indoor piping is 15 m.
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Fig. 1. Daily hot water consumption pattern Fig. 2. The hydraulic scheme of solar hot water heating system

Differential temperature controller is used to control the solar thermal system. The controller with two temperature
sensors controls the circulating pump of solar loop. One of the sensors is located at the top side of the SC array and
measures the outflow temperature of the collector. The second sensor is located at the upper side of coil heat exchanger of
the collectors in the storage tank (layer 3™ from the storage bottom). The controller monitors the temperature difference
between the solar collectors and the storage tank. Therefore, the main assumptions have been made for the operation of the
solar pump. The controller switches the circulating pump on, when the temperature difference is 5 °C, and stops the pump,
when the temperature of the solar collectors drops to 2 °C above the storage temperature.
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Another controller is used to control the additional heat source. The controller with two temperature sensors controls the
auxiliary heater. One of the sensors is foreseen on the hot water end-user side. The second sensor is located at the upper side
of coil heat exchanger of the additional heater in the storage tank (layer 7" counting from the storage bottom). The
controller monitors the temperature difference between the hot water end-user and the storage tank. Therefore, the controller
switches the additional heater on, when the temperature difference is 0 °C, and stops the heater, when the temperature rises
up to 10 °C. The minimum operation time of the additional heater of 10 min and the minimum downtime of 0 min are
assumed in the simulations.

During the simulations the indoor temperature of the technical room has been set as 18 °C.

3.3. Weather data

Calculations are made for one year using meteorological data of Vilnius city. The weather data generator Meteonorm [30] is
included as an integral part of Polysun. Meteonorm produces a typical weather profile for a user-defined location
interpolating between location data supplied from weather stations and satellites. The same values of ambient temperature,
global and diffuse irradiation are used for all simulations. These weather parameters are shown in the Figure 3.
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Fig. 3. Weather data of Vilnius for simulation of SWH system

The average annual outdoor air temperature is 6.8 °C, the highest air temperature (31.0 °C) is reached in July, the lowest
temperature (—21.9 °C) in January, respectively. Positive average monthly outdoor air temperature values are from April till
November (from 1.5 °C till 18.4 °C). All winter and March the average monthly outdoor air temperature is negative (from —
4.1 °C till —0.05 °C). The highest average monthly global irradiation value (988.3 W/m?) is achieved also in July, the lowest
average monthly value (178.9 W/m?) is in December. The annual global irradiation is 1000.6 kWh/m? diffuse irradiation is
528.4 kWh/m® in Vilnius, respectively. However, the use of the monthly data of solar radiation is not suitable for the
detailed assessment of solar DHW system performance. Therefore, all simulations were executed using hourly weather data
values.

3.4. System models in different software

The case study is focused on the simulations of solar DHW heating system using TRNSYS, Polysun and energyPRO
computer tools. The main components of the system have been added to the simulations programs. The model of the solar
DHW heating system, made using TRNSYS, is shown in the Figure 4.

Typelc was used for SC simulation. It models a quadratic efficiency that is a generalization from the well-known Hottel-
Whillier equation. This Type is recommended when SC test reports according to ASHRAE or European standards are
available.

The models of the solar DHW heating system, made using Polysun and energyPRO, are shown in the Figure 5 and
Figure 6, respectively. As can be seen from Figure 4, 5, 6, the most complex model is described by TRNSYS. The main
technical and operational parameters of the flat plate SC and storage tank, added to the different simulation tools, are
presented in Table 1.
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Fig. 6. The model of solar DHW heating system in energyPRO

TRNSYS and Polysun models take into account the thermal stratification in the storage tank. The interior of the tank is
subdivided into twelve isothermal layers in both simulation tools. However, the energyPRO model has limitations to
evaluate this phenomenon and no stratifications effects are evaluated here. Describing the storage tank, Polysun takes into
account the construction and insulation materials in detail. TRNSYS uses heat loss coefficients (W/m’K) in each layer.
These coefficients should be calculated by evaluating the construction of the tank. energyPRO allows to evaluate only
insulation thermal conductivity that is the same for all surface area of the storage tank.

energyPRO calculates collector area as the integer number, so for the further calculations 6 m*> was used. There is no
possibility to use another heat transfer medium as water in any loop in the energyPRO model. Whereas, TRNSYS allows
describing any material by its physical and thermal characteristics (e.g. fluid specific heat, density thermal conductivity,
viscosity etc.). TRNSYS and Polysun calculate heat losses in pipes in detail (pipe diameters, materials, flow rates,
temperatures). energyPRO evaluates these losses in collector field only in percentage of production.
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Table 1. Input characteristics used for the simulation of flat-plate solar collectors and storage tank depending on the simulation tool

Parameter/Input of TRNSYS PolySun energyPRO  Parameter/Input of TRNSYS PolySun energyPRO
solar collectors storage tank
Total gross area, m? — 721 — Volume, 1 300 300 300

Total aperture area
(required in case of 6.27 6.27 6 Height, m 13 1.3 13
specific flow rate), m

Total absorber area, m* — 6.29 - Bulge height, mm - 100 -
. According to
Wind speed at the Polysun 50 - Material - Stainless steel —
collector array,%
weather data
7o (laminar, turbulent) 0.848 0.848 0.848 Wall thickness, mm - 25 -
a;, Wim%K 4.021 4.021 4.021 Insulation 0.04 W/mK  Rigid PU foam 0.04 W/mK
s, W/H(mY/K)? 0.0108 0.0108 0.0108 Thickness of 80 80 80
insulation, mm
Mixture of Mixture of .
Heat transfer medium water and water and Water ;Fal:llli:kness at top of 80 80 80
33.3% ethylene ~ 33.3% ethylene
IAM evaluation Ky=0.095 at 50°  K¢=0.095 at 50° ?8?0'095 at Thickness at tank base 50 50 80

4. Results and discussion

In this section, the simulation results of performance of solar DHW system are investigated. The monthly results of heat
losses of the storage tank, produced energy from the auxiliary heat source and SC field yield are shown in the Figure 7.

As can be seen from Figure 7, the solar collector system can give approximately 2427 kWh/a of thermal energy to the
system. The values of SC field yield simulated with TRNSYS, Polysun and energyPRO do not differ significantly. The
result of Polysun gives 5.2% higher annual solar thermal output compared to the result of TRNSYS and 0.3% higher
compared to the result of energyPRO. The differences between the values of produced solar thermal energy occur due to the
monthly variations of the efficiency of the solar thermal system.
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Fig. 7. Energy demand and produced energy of SC system

The monthly efficiency of SC system is defined as the ratio of the solar thermal energy used to the system and solar
energy received on the collectors. The solar irradiation on the SC aperture consists of direct and diffuse radiation. The
results of simulations show that the annual solar irradiation onto SC area of 1 m” is 1126.4 kWh/m?. The output of TRNSYS
indicates that the efficiency of the SC system varies in a range of 31% and 35% from April to October and during winter
time it reduces to 25%. The similar values are simulated with Polysun. During intermediate and summer time the efficiency
of SWH system varies from 30% to 36%. However, the average SC efficiency value of 33% remains in cold period. The
misleading values of the monthly efficiency of SC system were obtained using energyPRO. The results show that the
monthly efficiency of SC system varies in the range of 29% and 33% from April to October, accordingly, from 28% to 39%
during intermediate and from 37% to 51% during winter time. Since the output of energyPRO is limited, therefore, more
detailed analysis of the performance of SC system is not available.
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Considering the monthly solar fraction of solar thermal energy to the system, the SC system is able to cover from 81% to
86% of the DHW demand from May to August according to the results of TRNSYS. The results of Polysun show that the
solar fraction is from 67.3% to 70.5%. The highest values of the solar fraction are simulated by energyPRO, that are from
88% to 91%. The difference of the simulated results can be due to the different behavior of differential temperature
controller or due to the use of various mathematical models integrated in the tools.

The comparison of the monthly solar fraction of different simulations shows the different monthly performance of the
auxiliary heater. The result of Polysun gives 24.4% higher annual energy output of auxiliary heater compared to the result of
TRNSYS and 42.3% higher compared to the result of energyPRO. The main difference between the simulated values occurs
due to the total energy demand, required for DHW preparation and to cover heat losses of pipes, storage tank and
connection losses of storage tank. Connection losses of storage tank mean the heat losses from the connections of pipes,
installed in the tank. Only Polysun evaluates the connection losses of storage tank, therefore more energy is required to
produce.

The comparison of monthly heat losses of storage tank are presented in this case study. The result of Polysun gives 1.9%
higher annual heat losses of storage tank compared to the result of TRNSYS and 42.8% higher compared to the result of
energyPRO. Considering too high value of heat losses of storage tank, resulted by energyPRO, more detailed output data is
necessary in order to identify the issue. The higher losses of storage tank can be due to the higher temperatures supplied to
the storage tank. However, energyPRO is limited in this respect. Therefore, concluding these results of simulations, the
main influencing factor of the differences can be the different mathematical models integrated in the tools.

One of the main parameters of the performance of the solar thermal system such as the outflow temperature of solar
collectors, the temperatures of the heat-transfer medium at upper and lower connections of the heat exchanger of the SC
system are shown in the Figure 8.
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Fig. 8. Temperatures of heat-transfer medium of SC system

As can be seen from the Figure 8, the performance of the SWH system, simulated by TRNSYS, is similar compared to
the simulated by Polysun. However, the higher temperatures of the heat-transfer medium, simulated with Polysun, have
been noticed in the SC system. During the coldest month the average temperature at the upper connection of the solar
collector heat exchanger (SCHX) is 26.9 °C and at the lower connection of SCHX is 17.7 °C. During the warmest month the
average temperature at the upper connection of SCHX is 47.2 °C and at the lower connection of SCHX is 34.4 °C. The
results simulated with TRNSYS, show, that the average temperature at the upper connection of SCHX is 20 °C and at the
lower connection of SCHX is 14.6 °C on January. Respectively, the temperature of 38.2 °C is at the upper connection of
SCHX and 36.5 °C at the lower connection of SCHX in June. On the one hand the better performance of the SWH system is
simulated with Polysun, on the other hand it can be noticed that the solar collectors reach the maximum achievable collector
temperature up to 177 °C. The duration of the stagnation conditions is 2.6% of all system operation time, while the results of
TRNSYS have shown that only few times the solar collectors reach the temperature of 164 °C.
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Considering the water temperatures in the storage tank, the average monthly water temperature is analyzed and shown in
the Figure 9.
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Fig. 9. An average water temperature in storage tank

As can be seen from the Figure 9, the results of Polysun presented that the average monthly water temperature in storage
tank is maintained almost constant and it varies from 49.6 °C to 56.5 °C during the year. The results of TRNSYS show that
the water temperature is reduced up to 38.7 °C in December and increased up to 58.5 °C in July. Comparing these results,
the auxiliary heater has been operated more frequently in order to maintain the constant water temperature in storage tank in
the case of Polysun.

The heat losses of pipes and energy required by the circulation pump of the SC system have been considered in this
study. The simulation results are shown in the Figure 10.
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As can be seen from the Figure 10, the heat losses of pipes simulated by Polysun are 42% higher comparing to the results
of TRNSYS. This difference appears due to the higher temperatures of heat-transfer medium in the SWH loop in case of
Polysun. Considering the energy demand for the circulation pump of the SC system, the value of TRNSYS is 70% higher
comparing to the results of Polysun. The main difference of the values is due to the control of the circulation pumps.

The simulations results indicate that the annual thermal efficiency of the flat-plate solar collectors varies from 30% to
36% and are in agreement with the results that are presented by other authors [31, 32].

5. Conclusions

Considering the use of TRNSYSS, Polysun and energyPRO software for the analysis of solar DHW heating system of single

family house in cold climate, the following conclusions can be deduced:

— The result of Polysun gives 5.2% higher annual solar thermal output compared to the result of TRNSYS and 0.3% higher
compared to the result of energyPRO.

— The result of Polysun gives 24.4% higher annual energy output of auxiliary heater compared to the result of TRNSYS
and 42.3% higher compared to the result of energyPRO.

— The result of Polysun gives 1.9% higher annual heat losses of storage tank compared to the result of TRNSY'S and 42.8%
higher compared to the result of energyPRO. The heat losses of pipes simulated by Polysun are 42% higher comparing to
the results of TRNSYS.

— The study presents that the results of simulations using TRNSYS and Polysun can be considered as more reliable than the
results of energyPRO. However, in order to get more reliable comparison of the results of the simulations using
TRNSYS and Polysun, the experimental evaluation of the solar hot water heating system of single family house has to be
performed.
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