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ENERGY EFFICIENCY EVALUATION
OF A SOLAR DOMESTIC HOT-WATER SYSTEM:

A CASE STUDY

This paper presents the results of a simulation study of a solar domestic water heating system
using the Exodus method. The simulations have been performed with three days of real weather data.
Investigations of thermal conditions in the flat-plate solar collector–water-storage tank system en-
abled to carry out a detailed evaluation of energy efficiency of the solar installation. The influence of
the flow rate of the medium in the collector cycle, of initial water temperature in the tank and of the
solar irradiation for a day on the quantity of energy accumulated in this system was analyzed. The ef-
ficiency of energy accumulation in the tank at the stage of its loading and during hot-water con-
sumption was determined.

1. INTRODUCTION

The application of heating systems with renewable energy sources has a positive im-
pact on the natural environment limiting the air pollution [1]. The use of the solar hot-
water heating systems is becoming more and more popular in Poland. In 2006, the total
annual heat energy generated by all solar collectors installed in 48 countries of the world
amounted to 76 959 GW·h. The consequence of the fact was the reduction of CO2 emis-
sion by 34.1 million tonnes [2]. A typical solar water heating unit in the UK can reduce
the domestic yearly hot-water load by up to 40%, representing 4.17 million tonnes of
CO2 per year in a national context or roughly 2.64% of the total CO2 emissions [3].
There were 2.95 MWth installed per 1 million inhabitants in Poland in 2006 [2]. Solar
systems can operate effectively in the Polish climate conditions within the period of
approximately 6–7 months, which means starting from the second decade of April to
the third decade of October. The annual power output from 1 m2 of collector absorber
varies between 400 and 600 kW·h. In summertime, solar collectors should cover almost
100% demand for heat used for heating water to the temperature of 45 °C, in the quantity
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corresponding to daily consumption. In a typical single-family house, 40–80 dm3 of hot-
water per one inhabitant is used daily, the water should be heated from 5–10 °C to the
required temperature of 45–55 °C. Hot-water consumption in Danish single-family
houses varies between 60 dm3/day and 160 dm3/day [4]. Artificial neural networks can
be used for the modelling of time schedules of domestic hot-water consumption [5].

Energy effects attained by the solar system depend on: (i) geographical conditions,
(ii) changeable climatic conditions, (iii) material-design parameters of the system ele-
ments, (iiii) operating conditions of the system. Thermal stratification in the storage
tank increases the heat efficiency of the solar system [6]–[9]. In order to define the
energy efficiency of solar systems, the dynamic simulation code TRNSYS is most
frequently used [6], [10]. Numerical simulations have been carried out to investigate
the influence of different levels of hot-water consumption on the thermal performance
of small solar systems [7]. The results of simulation studies of the solar hot-water
heating system consisting of a solar collector, a water-storage tank, an electric heater,
and a water-mixing device using a time marching model were shown in [11]. Using
a thermal model of finite differences, the influences of the flow rate and the stratifica-
tion of the tank on the thermal performances of a solar system were analyzed in [12].

In this paper, simulation investigations of the thermal behaviour of a solar system
consisting of a flat-plate solar collector and a water-storage tank with thermal stratifi-
cation using the Exodus procedure were presented.

2. SOLAR WATER HEATING SYSTEM DESCRIPTION

The subject of the study was a small solar system used for preparation of hot-water in
a single-family house occupied by four residents. The main components of the system are
as follows: two solar collectors with a total surface of approximately 3.2 m2, a storage
tank with a capacity of 200 dm3 as well as an electrical boiler with a capacity of 150 dm3.
Table 1 presents the technical parameters that characterize the solar collector–water-
storage tank system. The operation of the solar installation was controlled by means of a
step-by-step method with a circulation pump and a time regulator. The advantage of this
method is that it is possible to maintain the water temperature gradient in the accumula-
tion tank during the day and night, however, cooling of the storage tank on cloudy days
can be a disadvantage. The solar system is provided with measuring equipment for con-
tinuous monitoring of its operation, including the pyranometer placed on the surface of
the collectors, the sensor of outside air temperature and water meter equipped with a pul-
ser. The average energy gain from solar collectors was defined at the level of 5513
MJ/year for the calculation conditions kept. The average annual rate of heat demand for
heating hot-water which is covered by the solar system is therefore more than 50%. Figure
1 shows the percentage of heat demand for hot-water preparation foreseen to be covered
by means of the solar system in particular months. The monthly average total solar radia-
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tion on a tilted plane (60º) with the given orientation (SW) in W⋅h per square meter was
assumed according to a meteorological database for the actinometric station in Warsaw.
These data are available at http://www.mi.gov.pl.

T a b l e  1

Data for the flat plate solar collector and hot water storage tank

Parameter Description
Flat plate solar collector
Dimensions: length×width×depth, mm 1920×830×95
Absorber area of collector, m2 1.20
Glass cover thickness, mm 4
Absorber plate thickness, mm 3
Insulation thickness, mm 50
Flow channel diameter, mm 10
Collective fluid conduits diameter, mm 20
Absorber plate / flow channel material steel/copper
Covering layers on absorbers black galvanic chromium on

a nickel-plated surface
Insulation material polyurethane foam + Al film
Glass transmittance 0.80
Absorber plate absorptance 0.95
Maximum efficiency of the collector
related to absorber surface

0.79

Collector tilt, ° 60
Orientation south-west
Water storage tank
Tank material steel
Volume, dm3 200
Height/diameter, m 1.5/0.4
Insulation material foamed polystyrene
Insulation thickness, mm 50

Fig. 1. The cover of heat demand for hot water preparation by the solar system in particular months



A. SIUTA-OLCHA26

3. SIMULATION METHOD

Simulation investigations of thermal behaviour of the solar water heating system
were conducted with using the following proprietary probabilistic models: the flat-
plate solar collector for a non-steady state and the storage tank with thermal stratifica-
tion. For the modelling of heat transfer processes in solar energy collector in non-
steady conditions, the temporary energy balance for this i difference element in the
stationary object can be expressed by the following formula:

∑ ++=
j

viibiji
i

piii qVQQ
d
dTcV
τ

ρ , (1)

where: Vi – volume [m3], ρi – density [kg/m3], cpi – fluid specific heat at constant pres-
sure [J/(kg·K)], Ti – temperature of solar collector element with characteristic i node
[K], τ – time [sec], jiQ  – thermal flux reaching i node from neighbouring j node [W],

biQ  – thermal flux reaching i node from boundary [W], viq  – volumetric capacity of
heat source [W/m3].

In the thermal model of the solar collector, there were three isothermal nodes which
were connected to the front cover, the absorber plate and the working medium. Tempera-
tures in particular nodes are calculated from the following system of equations [13]:
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where: Tg – cover glass temperature [K], Tp – absorber plate temperature [K], Tf – outlet
fluid temperature [K], Δτ – time interval = 1 sec, Wg – cover glass heat capacity [J/K],
Wp – absorber plate heat capacity [J/K], Wf – fluid heat capacity [J/K], P1 – thermal
energy emitted in glass cover in the middle of its thickness [W], P2 – thermal energy
emitted on absorber plate surface [W], Ta – ambient temperature [K], Rij – thermal resis-
tance between differential element with i node and differential element with j node
[K/W], Rf – thermal resistance of working fluid [K/W].

A detailed mathematical description of the thermal model of the solar collector
making use of the Exodus procedure, as well as the solution of the equation of non-
steady heat conduction in the solar collector were presented in [13].
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The thermal model of the storage tank is composed of four sections. The tempera-
tures of each of the i tank section are determined as follows:

• for Tf,col ≥ T1
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• for T4 > TL
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where: Ti – water temperature in i section [K], Wi – water heat capacity in i section
[J/K], Rij – thermal resistance between i section and j section [K/W], Rib – thermal
resistance between the storage tank and its surroundings for i section [K/W], Rf,i –
thermal resistance of water in i section, [K/W], Rf,col – thermal resistance of working
fluid, [K/W], Rf,L – thermal resistance of cold water, [K/W], Δτ – time interval
= 1 sec, T ′a – ambient temperature for the tank [K], Tf,colτ – outlet fluid temperature
from the collector [K], TL – temperature of cold water.

The Exodus procedure was applied in order to define thermal field in the tank
and the detailed description of the application of this calculation method was pre-
sented in [14].

The Exodus procedure is one of the probabilistic methods for the approximate
solution of heat transfer problems in real systems. What is characteristic of this
procedure is a possibility of carrying out the heat exchange simulation with respect
to the subject system considering changeable weather conditions and operating
parameters of the solar system. This procedure enables relatively easy considera-
tion of the variability of material parameters depending on temperature. It is spe-
cially recommended for the determination of temperature changes at one or several
nodes of a geometrical network. Probabilistic methods enable us to determine the
searched values with their specific maximum accuracy or probability allowing for
non-linear thermal characteristics. The Exodus method can produce solutions to
a class of thermal conduction problems faster than any conventional numerical
method [13], [15].

Simulation calculations were conducted with CollSt.PAS software (the author of
this program – Siuta-Olcha). Actual climate parameters (the total solar irradiance G,
the ambient temperature Ta, the wind velocity vw), averaged within one hour, and op-
erating parameters (the volume flow rate of heat transfer fluid Qcol, the collector inlet
fluid temperature Tf1, the volume flow rate of cold-water flowing in the tank) of the
system were entered to the program. It was assumed that the temperature of water
supplying the storage tank equals approximately the temperature of the medium
flowing out of the collectors. Heat losses through the bottom and the upper part of the
tank to the surroundings were not considered. The temperature gradient in radial di-
rection was not considered either. The program for computer simulations was subject
to verification based on experimental research the results of which were collated in
[16]. Calculated temperatures in the distinguished nodes of the system constituted the
basis for the evaluation of the energy efficiency of the hot-water solar system.

The daily mean efficiency is given by the following relation [6], [12]:

∫

Σ
= sunset

sunrise

day

d)( ttGA

q

c

fη , (5)
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where: qf – average useful energy gain [W], Ac – collectors area [m2], G – total solar
irradiance [W/m2].

The solar collector efficiency can be obtained from:

GA
TTcm

c

ffpc
c

)( 12 −=η , (6)

where: cm  – circulated fluid mass-flow rate [kg/s], cp – fluid specific heat [J/(kg·K)],
Tf1 – inlet fluid temperature [°C], Tf2 – outlet fluid temperature [°C].

The energy accumulated in the system can be calculated on the basis of the for-
mula:

)( 0max
tntnptnp TTcmE −= , (7)

where: mtn – mass of water in the storage tank [kg], max
tnT  – maximum average water

temperature in the storage tank [°C], 0
tnT  – initial water temperature inside the tank [°C].

The energy accumulation efficiency in the solar system for hot-water heating was
described in the following way:

∑
=

= n

i
pic

p

tGA

E

1

η , (8)

where tp stands for time period [s].

4. RESULTS AND DISCUSSION

Simulation studies of the classical solar water heating installation, assuming its op-
eration in actual conditions, were conducted for the three days of diversified weather
conditions in June. The temperature around the storage tank was assumed to be equal
to 18 °C, and the cold-water temperature amounted to 14 °C. The hot-water consump-
tion resulting from residents’ needs was taken into account. Figure 2 presents profiles
of the daily domestic hot-water consumption.

Water heated in the solar collectors, supplying the storage tank, reached the high-
est temperature of 59 °C at 3 p.m. on June 19, 55.2 °C at 5 p.m. on June 21, 41.2 °C at
2 p.m. on June 25. Figures 3–5 illustrate distribution of water temperature in the stor-
age tank for four distinguished levels on the assumption that there is no hot-water
consumption. The tank was supplied with water, the temperature of which changed
every hour, and with changeable volume flow rate in the solar collector cycle Qcol.
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Fig. 2. Histograms of daily hot-water consumption for three distinguished days

Fig. 3. Temperature distribution in the storage tank during charging (only) (Day 1)

Fig. 4. Temperature distribution in the storage tank during charging (only) (Day 2)
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Fig. 5. Temperature distribution in the storage tank during charging (only) (Day 3)

On the first day the simulation was commenced at 10 a.m. assuming the following
diversified water temperatures in the tank: Ttn1 = 23.5 °C, Ttn2 = 22.8 °C, Ttn3 = 22 °C,
Ttn4 = 21.5 °C. The water temperature reached a maximum value at 4 p.m., for exam-
ple, in the section No. 2 the temperature equalled 57.8 °C. The maximal degree of
stratification (Ttn1 – Ttn4) = 15.33 °C occurred at 1 p.m. Thermal water stratification in
the tank disappears after 6 p.m. For the second day at the beginning of the simulation,
equal temperature of water in the storage tank (25.5 °C) was assumed. Water in the
tank reached the highest temperature of 55.1 °C at 5 p.m. The maximal degree of
stratification (Ttn1 – Ttn4) = 7 °C was observed at 12 p.m. In this case, equalization of
water temperature in the tank occurred at about 3 p.m. The third day is characterized
by adverse weather conditions. At 8 a.m. a slight change of water conditions in the
tank was assumed: Ttn1 = 16.4 °C, Ttn2 = 16.2 °C, Ttn3 = 15.9 °C, Ttn4 = 15.8 °C. Water

Fig. 6. Evolution of the collector’s efficiency and storage fluid temperature
for real conditions (Day 1): Ttn,m – mean water temperature in the storage tank
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in the tank was heated to the maximum temperature reaching 40.6 °C at 2 p.m., how-
ever, the average temperature in the tank attained the highest value (37.4 °C) at 4 p.m.
The maximal stratification rate (Ttn1 – Ttn4) = 11.2 °C appears at 2 p.m. A gradual
stratification fading is observed after 4 p.m. Thereafter the thermal behaviours in the

Fig. 7. Evolution of the collector’s efficiency and storage fluid temperature
for real conditions (Day 2): Ttn,m – mean water temperature in the storage tank

Fig. 8. Evolution of the collector’s efficiency and storage fluid temperature
for real conditions (Day 3): Ttn,m – mean water temperature in the storage tank
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solar collector–storage tank system, with consideration of some disturbances such as
hot-water consumption, were analysed. Distributions of water temperature in the
storage tank achieved on the basis of the simulation are presented in figures 6–8.
Considering the first day (figure 6), the instantaneous efficiency of the solar collec-
tors ranging from 35.8% to 50.1% between 11 a.m. and 7 p.m. was defined. Water
in the tank attained the top temperature (53.3 °C) at 4 p.m., and the average water
temperature was at the level of 35.4 °C. The maximal degree of stratification (Ttn1 –
Ttn4) = 32.2 °C was reported at 4 p.m. Thermal stratification in the storage tank was
maintained during the whole day. As far as the second subject day (figure 7) is con-
cerned, the efficiency of the solar collectors varied between 15.2% and 53.2% de-
pending on daytime. The water temperature in the tank increased to 53.8 °C at
5 p.m. and the average water temperature was 44.3˚C. The maximal degree of strati-
fication (Ttn1 – Ttn4) = 23.6 °C was reported at 4 p.m. As regards the third case (fig-
ure 8), the efficiency of the solar collectors for particular hours ranged from 30.9%
to 50.4%. Water in the top section was merely heated to the temperature of 38.1 °C
at 4 p.m., and the average water temperature reached 29.3 °C at 7 p.m. The maximal
stratification rate (Ttn1 – Ttn4) = 20 °C was recorded at 4 p.m. The water temperature
in the whole volume of the tank was equalized after 8 p.m. Figure 9 shows the in-
fluence of solar irradiation for a day on the efficiency and the amount of energy
accumulated.

Fig. 9. Influence of a solar irradiation for a day (SID) on the efficiency
and the energy accumulated in the solar system

Table 2 presents parameters characterizing the operation of the solar system.
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T a b l e  2

Characteristic parameters of the solar water heating system

Parameter Day 1
(June 19)

Day 2
(June 21)

Day 3
(June 25)

Average daily hot-water consumption, dm3/d 62.5 87.5 40
Average circulated fluid volume flow rate, m3/s 1.29·10–5 1.21·10–5 9.4·10–6

Solar irradiation for a day (SID), kW⋅h/m2·d 6.91 3.74 2.68
Useful energy output of collectors, kW⋅h/d 228.36 110.24 82.1
Average efficiency of the solar collectors, % 41 39.4 27.4
Average storage of energy efficiency for charging the tank, % 34.2 54.4 55.4

5. CONCLUSIONS

The results of simulation calculations let us conclude that the heat removal from
the tank during an active acquisition of the solar energy increases the thermal effi-
ciency of solar collectors. A solar irradiation for a day does not have any influence on
energy accumulation efficiency in the solar water heating system, however, the bigger
the daily insulation dose, the higher the temperature at the outlet of the collector and
more usable energy is attainable from the solar radiation conversion in the flat-plate
solar collectors. The temperature rise in the tank is dependent on the intensity of the
solar radiation. The lower the flow rate of the medium in the collector cycle, the
higher the accumulation efficiency.
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