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Abstract 

The presented work is related to the use of solar energy  for the needs of heating and 

electricity for a single house located in Poland. Electricity will provided by energy conversion in 

the turbine by means of Organic Rankine Cycle (ORC), in which the operating medium (water 

heated in solar collector) is heating refrigerator in the heating exchanger.  

The solar installation is integrated with heat accumulator and wood boiler, which is used 

in the situation that collector is not enough to fill requirements of thermal comfort.  There are 

chosen also all the necessary components of the system. 

In the work is also performed the economic assessment, by F chart method, to evaluate 

the profitability of the project, taking into total costs and savings.  
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1. Introduction 

 

This work was carried out based on an ERASMUS PROJECT in order to get 20ECTS in the 

academic year of 2015/2016, first semester. 

 

1.1. The Problem 

The main point of this work is to conduct the technical and economic assessment of the 

using water solar collectors for needs of heat and electricity consumed in a single house in 

Poland. House is located in Wrocław, big city in the west of Poland, (II climatic zone).  The 

operating medium from the solar collectors in the next part of process is heating refrigerant in 

Organic Rankine Cycle that produce electricity and heat in condenser. The system does not need 

batteries since it must be connected with the grid. The thermo-accumulator is a condition of f-

chart method. It is also necessary to predict an auxiliary system (e.g. cooling tower) to complete 

condensation of the refrigerant in the ORC. 

The work was divided into several tasks such as: 

 Analysis of the energy consumption in a typical polish single house (both heating and 

electricity), 

 Choose a refrigerant in ORC (comparison of refrigerants was carried out base on 

Coolpack program), 

 Sizing the solar installation for using the solar fraction (using F- chart method), 

 Selection of all necessary components, 

 Economic analysis and feasibility of the project. 

 

1.2. Methods 

 

The strategy to prepare the final project described in subchapter 1.1 consistent on weekly 

appointments with the Professor Leonardo Silva Ribeiro. During these meetings the progress of 

work was consulted. Every week new part of project were prepared, mainly calculations and 

figures. The all existing  problems were discussed to find the most optimal solution. The most 

important assumptions of the work were established in accordance with Professor’s advices.   

Preparing of theoretical part and choice of main components was planned as a last stage of 

project. The function of professor was systematically giving guidelines and support on each 
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phase of project development.  During preparing of this work used materials mentioned in 

internet like presentation, catalogues, scientific publication, the legal standards, websites (for 

example website related to meteorological data from Poland) and books, English and Polish, as 

well. All bibliography used in project was listened in the end of this report. The main work tools 

were programs Coolpack, Autocad and Microsoft Office.  
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2. BACKGROUND 

 

 

Analysis of the energy consumption in single house in Poland 

Selection of a refrigerant 

Sizing the installation  

As will be shown in later sections, the variables X and Y are used to determine fi, the monthly 

fraction of the load supplied by solar energy. The energy contribution for the month is the 

product of fi and the monthly heating and hot-water load Li. The fraction of the annual heating 

load supplied by solar energy F is the sum of the monthly solar energy contributions divided by 

the annual load: 

 F =
∑ f ∙ Lii

∑ Li
 1.  
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For the analyzed solar system the fraction f of the monthly total load supplied by the solar 

space and water heating system is given as a function of X and Y in Figure 20.3.1.  

 

Fig. 6 The f -Chart for systems using liquid heat transfer and storage media. From 

Beckman et al. (1977). [2] 

 

To determine the economic optimum collector area, the annual load fraction corresponding 

to several different collector areas must be determined. The annual load fraction is then plotted as 

a function of collector area, as shown in Fig. 7. The information in this figure can then be used for 

economic calculations. For liquid systems, f -chart calculations can be modified to estimate changes 

in long-term performance due to changes in storage tank capacity and load heat exchanger 

characteristics.  
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Fig. 7 Annual load fraction versus collector area. [2] 

The f -chart was developed for a standard storage capacity of 75 liters of stored water per 

square meter of collector area and in this work this volume of water was used.  

 

As the heat exchanger used to heat the building air is reduced in size, the storage tank 

temperature must increase to supply the same amount of heat, resulting in higher collector 

temperatures and reduced collector output. A measure of the size of the heat exchanger needed 

for a specific building is provided by the dimensionless parameter 𝜀𝐿𝐶𝑚𝑖𝑛/(𝑈𝐴)ℎ where i𝜀𝐿  is the 

effectiveness of the water-air load heat exchanger,  𝐶𝑚𝑖𝑛 is the minimum fluid capacitance rate 

(mass flow rate times the specific heat of the fluid) in the load heat exchanger and is generally that 

of the air, and (𝑈𝐴)ℎ is the overall energy loss coefficient–area product for the building used in the 

degree-day space-heating load model. 

 

 

 

Selection of all necessary components 

Economic analysis  
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2. Background 

As mentioned above the main point of work is to conduct the technical end economic analysis 

of usage a solar system for need of electricity and heat in typical polish single house. 

The installation is presented below on the drawing.  

 

Fig. 1 Schema of the installations. 1. Solar collector; 2. Water pump; 3. Water tank; 

4. Turbine; 5. Generator; 6. Condenser; 7. Cooling tower; 8. Refrigerant pump. 

 

This installations is divided in two circuits. First (on the left) is the solar system, where the 

operating medium is the water. The second system (on the right) is called Organic Rankin Cycle 

(ORC) which allows to use renewable energy sources (for example solar energy like in this work) to 

produce electricity power. The operating medium in ORC is low-boiling factor.  ORC consist of 

several processes (Fig. 2) 1-2 isentropic expansion of saturated steam, 2-3 isobaric condensation, 

3-4 liquid compression and 4-1 isobaric heating and evaporation.  
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Fig. 2 The Clausius-Rankine cycle in thermodynamic Belpaire system of coordinates (absolute temperature 

– entropy): a – for wet saturated steam, b – for superheated steam [1] 

 

2.1. Analysis of the energy consumption in single house in Poland 

The first part of project was to assess energy consumption in a single house. For this 

purpose the typical design of a single house was chosen. All layers and the thickness of them have 

been established. Next stage was calculate all heat loses by walls, doors, windows, floors, roofs and 

also by ventilation air (to provide fresh air). All drawings, equation and calculation will be presented 

in the next chapter. All calculations in this part were conducted base on the Polish Standard PN – 

EN 12831 (standard concern the method of calculating the design heat load). 

2.2. Selection of a refrigerant 

Selection of the appropriate refrigerant plays an important role in the application of ORC 

among other things to achieve high level of the energy efficiency.  There are three types of organic 

factors, which can realize the Organic Rankin Cycle: wet factor, dry factor and isentropic factor.  

These sample organic working mediums were presented on the Fig. 3.  

Choosing of the right organic liquid is related with thermodynamic and physics. Some 

important properties of such fluids are:  

 Isentropic steam evaporation curve, 

 Low freezing point, 

 High temperature stability, 

 High density and heat of vaporization, 

 Low environment impact, 

 Safety 

 Low cost. 
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Fig. 3 Three types of organic working medium in thermodynamic system of coordinates T-s (temperature 
– entropy): a – wet fluid – water, b – dry fluid – pentane, c – isentropic fluid – R11, (Chen et al. 2010) 

 

 In the next chapter the comparison of a few refrigerants was conducted to select the fluid  which 

will have the best properties in analyzed process.  

2.3. Sizing the installation by the method of solar fraction 

2.3.1. Concepts related to solar energy 

The solar energy which a solar collector receives from the Sun has to be estimated to conduct 

all necessary calculations. The power of solar radiation on Earth is around 8 ∙ 1016 W. The Sun has 

1,39 ∙ 109 m of diameter and distance from our planet is 1,5 ∙ 108 km.  The Sun is considered as 

black body and the estimated surface temperature is 5775 K. The used equations will be presented 

in the next chapter of this work.  

The thermal radiation is independent on the surrounding environment so energy transport in 

vacuum is possible. Solar radiation has spectral distribution as shown in Fig. 4  with the range of 

wavelengths ranging essentially between the values 0.2 and 3 m. 
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Fig. 4 Spectral diagram of the solar radiation. I 

Below are listened all equation needed to make necessary calculations. 

 The average constant solar 

 𝐺𝑆𝐶 = 1367 (1 + 0,33 cos (
360 𝑛

365
)) ,

𝑊

𝑚2
 2.  

 Declination of the Sun 

 δ = 23,45sin (360
284 + n

365
) 3.  

 

 Day length 

 DL =
2

15arcos(−tagδtagϕ)
, h 4.  

 

 Extraterrestrial solar radiation for horizontal surface on the soil 

 𝐺 = 𝑆 + 𝐷 5.  

 Irradiation of the surface on the soil 

 𝐼 = 𝑆 + 𝐷 + 𝐿 6.  
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 The total solar radiation on the edge of atmosphere 

 
Ho =

24∙3600

π
(1 + 0,33cos (

360n

365
)) ∙

(cos(ϕ) cos(δ)sin(ωs) +
πωs

180
sinϕsinδ)  

7.  

 

 Sunset hour angle 

 ϖs = arccos(−tanϕtanδ) 8.  

 The average clearness index 

 KT =
H

Ho
 9.  

 

System was planned for the single house building in Poland, in Wrocław (the city is located 

in second climate zone as shown on the Fig. 5 ) 

2.3.2. The climate zone i design temperatures in Poland 

The design outside and inside temperatures of the air were listed below in the Tab. 1. The 

values of these temperatures will be needed in the next chapter to calculate the thermal losses 

through walls, windows, doors, floors, roofs and ventilation.  

Tab. 1 The design and average annual temperatures. [II] 

The climate zone The design outside temperature, ℃ The average annual outside temperature, ℃ 

I -16 7,7 

II -18 7,9 

III -20 7,6 

IV -22 6,9 

V -24 5,5 
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Fig. 5 The climate zone in Poland. [II] 

2.3.3.  The F-chart method 

[2] The φ-f chart method is a simulation  technique  used  in  solar  energy  systems  for  heating  

and  cooling.  This method is particularly useful for sizing system components. The difficulty of sizing 

systems components lies in  the  fact  that  these  systems  are  influenced  both  by  predictable  

data  (e.g.  collectors,  storage tanks, …) and unpredictable data such as weather data. This method 

is particularly useful in the simulation of absorption refrigerators, industrial process heating, and 

space heating systems where the thermodynamics cycle efficiency is independent of the heat 

supply temperature. 

In the report is presented the algorithm for thermal calculation and the analysis of the effects 

of installation with solar collectors using f-chart method. The presented algorithm and the basic 

version of the f-chart method were supported by calculation for the selected solar installation 

(Błąd! Nie można odnaleźć źródła odwołania.). This system is used to power control of heat and 

electricity for the needs of single-family building. Calculations were carried out for the installation 

with flat-plate collectors. Selection of such collectors was determined by their popularity and 

precisely defined surface. 
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Detailed simulations of these system have been used to develop correlations between 

dimensionless variables and f, the monthly fraction of loads carried by solar energy. The two 

dimensionless groups are: 

 X =
AcF′RUL(Tref − T̅a)∆t

L
 10.  

 Y =
AcF′R(τα̅̅ ̅)H̅TN

L
 11.  

As will be shown in later sections, the variables X and Y are used to determine fi, the 

monthly fraction of the load supplied by solar energy. The energy contribution for the month is the 

product of fi and the monthly heating and hot-water load Li. The fraction of the annual heating load 

supplied by solar energy F is the sum of the monthly solar energy contributions divided by the 

annual load: 

 F =
∑ f ∙ Lii

∑ Li
 12.  

 

For the analyzed solar system the fraction f of the monthly total load supplied by the solar 

space and water heating system is given as a function of X and Y in Figure 20.3.1.  

 

Fig. 6 The f -Chart for systems using liquid heat transfer and storage media. From 

Beckman et al. (1977). [2] 
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To determine the economic optimum collector area, the annual load fraction corresponding 

to several different collector areas must be determined. The annual load fraction is then plotted as 

a function of collector area, as shown in Fig. 7. The information in this figure can then be used for 

economic calculations. For liquid systems, f -chart calculations can be modified to estimate changes 

in long-term performance due to changes in storage tank capacity and load heat exchanger 

characteristics.  

 

Fig. 7 Annual load fraction versus collector area. [2] 

The f -chart was developed for a standard storage capacity of 75 liters of stored water per 

square meter of collector area and in this work this volume of water was used.  

 

As the heat exchanger used to heat the building air is reduced in size, the storage tank 

temperature must increase to supply the same amount of heat, resulting in higher collector 

temperatures and reduced collector output. A measure of the size of the heat exchanger needed 

for a specific building is provided by the dimensionless parameter 𝜀𝐿𝐶𝑚𝑖𝑛/(𝑈𝐴)ℎ where i𝜀𝐿  is the 

effectiveness of the water-air load heat exchanger,  𝐶𝑚𝑖𝑛 is the minimum fluid capacitance rate 

(mass flow rate times the specific heat of the fluid) in the load heat exchanger and is generally that 

of the air, and (𝑈𝐴)ℎ is the overall energy loss coefficient–area product for the building used in the 

degree-day space-heating load model. 
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2.4. Selection of all necessary components 

All necessary equipment was selected based on companies catalogues available in the internet. 

The selection criteria were economic substance, technical characteristic, energy efficiency.  All 

selected equipments is listened in the next chapter.  

 

2.5. Economic analysis 

The work will also contain an economic analysis to estimate profitability of this idea.  Every 

project should bring economic and social advantages as well.  All investors, entrepreneurs and 

normal families as well, want to know cost and savings of selected installation.  There are a few 

certain criteria for making a decision such as the net present value NPV, the internal rate of return 

(IRR), the payback period etc. 

2.5.1. The net present value (NPV) 

The NPV function is defined as the sum of the present values (PVs) of incoming and outgoing 

cash flows over a period of time. Due to the changes in the exchange of money value, currencies 

can have different values every day. The NPV calculates the current value of each series of cash 

flows and adds them to get the net present value.  

 NPV(i, N) = ∑
Rt

(1 + i)t

N

t=0

− I0 13.  

 

Where: 

t- the time of the cash flow 

i-the discount rate (the rate of return that could be earned on an investment in the 

financial markets with similar risk) 

𝐑𝐭- the net cash flow 

𝐈𝟎- the initial investment 

 

According to this assessment criterion when NPV> 0, the investment has merit and 

could be implemented. 



ERASMUS PROJECT  Monika Żurawska 

. 25 

 

2.5.2. Internal rate of return (IRR) 

The internal rate of return (IRR) is the method of evaluating the economic efficiency of 
investments, as well as financial ratio determined on the basis of this method. The calculating the 
IRR value consist on calculating the specific value of the discount rate (i) as shown on the below 
equation: 

 

 N ∑
Rt

(1 + i)t

N

t=0

− I0 = 0 14.  

 

The internal rate of return (IRR) of an investment can be: 

 larger than the rate of weighted average cost of capital (rate) and it means that 

investment is economically interesting, 

 equal the rate of weighted average costs, in this case is economically neutral, 

 less than the rate of weighted average cost, in this situation  investment is not profitable 

2.5.3. The payback period 

The payback period is the period of time required to recover the funds expended in an 

investment, or to reach the break-even point. 

 

 N𝑝 =
C

RA
 15.  

Where: 

 

C- Cost of the project 

RA- Annual cash inflows 

 

 

To use all listened above equation the cost of investment must be known. In the next 

chapter there will be listened all cost of installation, necessary equipment etc. 
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3. DEVELOPMENT 

 

 

Analysis of the energy consumption in single house in PolandBłąd! Nie można 

odnaleźć źródła odwołania. 

Selection of the refrigerant 

Sizing of the installation by the method of solar fraction 

Selection of the main components of system 

Economic analysis 
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3. Development 

As mentioned above report is related to using the solar system for the needs of heat and 

electricity in the single family house located in Poland.  The schema of the system was shown on 

the Fig. 1. 

3.1. Analysis of the energy consumption in single house in Poland 

3.1.1. Description of the building 

First think, which has to be conduct, is calculating the thermal load of the chosen 

building. For the needs of this project the single family house was chosen based on the 

construction project, which was announced on the polish website www.murator.dom. [III]  

 

 

Draw. 1 Visualization of construction project of the house. [III] 

 To calculate the thermal load of this building it is necessary to define layers of the 

building partitions. Below the floor plan, made in Autocad Program base on construction project 

from the website [III] was presented. On this floor plan, size and layout of the premises were 

shown. 

Tab. 2 The surface of the rooms in the selected building [III] 

1. Vestibule 2,8 m2 

2. Living room with the kitchen 79,2 m2 

3. Corridor 4,9 m2 

4. Bedroom 1 14,7 m2 

5. Bedroom 2 7,8 m2 

6. Bathroom 5,7 m2 
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Draw. 2 The floor plan of the selected single family house. [III] 

3.1.2. Heat losses by the partitions 

To calculate heat losses in the building it is necessary to define the layers of partitions, 

thickness of these layers and conductivity as well. These data are needed to know a value o;f 

total heat transfer coefficients, which will be used in the following equation of the heat losses 

 Q = A ∙ U ∙ ∆T ∙ bu 16.  

 

Where: 

A- area of the partition, m2 

U-  total heat transfer coefficient, 
W

m2K
  

∆T- difference of the temperatures between  the analyzed surroundings, ℃ 

bu- temperature reduction factor 
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Tab. 3 Description of layers of the building partitions.  

Layer 𝜹, 𝒎 𝝀,
𝑾

𝒎𝑲
 

OUTSIDE WALLS 

Think layer plaster 0,02 0,800 

Aerated concrete 0,24 0,140 

Styrofoam 0,20 0,043 

CEILLINGS 

Mineral wool 0,150 0,031 

Reinforced concrete plate 0,140 0,160 

Steel sheet tile 0,007 0,022 

FLOOR 

Concrete 0,100 0,140 

Styrofoam 0,050 0,043 

Concrete screed 0,050 1,200 

Sand bed 0,200 0,400 

Pope 0,002 0,180 

Wooden panels 0,010 0,1800 
 

To calculate heat losses by barrier construction the thermal resistance of surface must 

be known.  In all constructions of walls there are layers, as said above, of different thicknesses 

made from different materials and with different types of construction. All these layers have  

a physical resistance to the heat transfer between the environment inside and outside. This 

resistance depends on the thermal conductivity of the material and layer thickness. In addition 

to the strength of the solid material to heat transfer there is also a resistance between the indoor 

air and the inner face of the wall and between the outdoor air and the outer face of the wall. All 

these thermal resistances must be accounted to calculate the overall thermal resistance.  

      Tab. 4  Thermal resistance between the indoor and outdoor [IV]. 

Thermal resistance,  
𝐦𝟐𝐊

𝐖
 

Direction of heat transfer 

→ ↑ ↓ 
RI (inside) 0,13 0,1 0,17 

RO(outside) 0,04 0,04 0,04 
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Knowing the thickness and the conductivity of the layers it is possible to calculate the 

thermal resistance of the layer and after that the total heat transfer coefficient of particular 

barrier construction. The equation defining thermal resistance of the material (layer) is: 

 Rconi =
δi

λi
 17.  

The mathematical relation allowing to calculate the total heat transfer coefficient is: 

 
U =

1

RI + Rcon + RO
 

 

18.  

U – The overall heat transfer coefficient,    

 𝐑𝐈– Thermal convective resistance (inside),  
m2K

W
  

 𝐑𝐜𝐨𝐧 - Resistance related to the thermal conductivity in the surrounding, 
m2K

W
 

 𝐑𝐎 – Thermal convective resistance (outside),  
m2K

W
 

Tab. 5 The total heat transfer coefficient for windows and doors. 

WINDOWS 

Triple glazing, float glass 
with low emission shell 

U 1,3 
𝑊

𝑚2𝐾
 

DOORS 

Dry wood U 2,6 
𝑊

𝑚2𝐾
 

 

  

 In Tab. 6 table there are presented calculations of the heat transfer coefficient and heat 

thermal load depending on the partition.  For the II climate zone in Poland the outside design 

temperature, like it was said in the previous chapter, is −18℃. The temperature, which should 

be in the internal rooms designed for the regular stay of people, who do not pursue an activity 

continuously, is at least 20℃ (base on the Polish Standard PN-EN 12831 [V]). For needs of this 

project the assumed temperature inside the building to provide the thermal comfort for the 

householders is 21℃.  The heating thermal load was calculated taking into account the worst 

possible situation in terms of energy, that is, considering to be off the equipment, no person 

releasing heat and no gain from solar radiation. 
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Tab. 6 Heat losses calculation for the individual partitions in Winter. 

OUTSIDE WALLS 

A, 𝑚2 145,13 bu 1 U
𝑊

𝑚2𝐾
 0,85 𝑄𝑝𝑜𝑤 , 𝑘𝑊 1,80 

CEILLINGS 

A, 𝑚2 120,8 bu 0,9 U
𝑊

𝑚2𝐾
 0,22 𝑄𝑝𝑐, 𝑘𝑊 0,93 

FLOOR 

A, 𝑚2 115,1 bu 0,6 U
𝑊

𝑚2𝐾
 0,38 𝑄𝑝𝑓, 𝑘𝑊 0,70 

WINDOWS 

A, 𝑚2  
17,7 

bu 1 U
𝑊

𝑚2𝐾
 1,3 𝑄𝑝𝑤, 𝑘𝑊 0,91 

DOORS 

A, 𝑚2  
4,2 

bu 1 U
𝑊

𝑚2𝐾
 2,6 𝑄𝑝𝑑, 𝑘𝑊 0,43 

Together 4,13 kW 
 

3.1.3. Heat loses by ventilation 

In construction the greatest heat losses arise from the need to ensure 

adequate quality of internal air by ventilation. In the case of the analyzed building the ventilation 

efficiency was assumed to 70%.  To calculate the losses by ventilation the following equations 

were used: 

 𝑉̇𝑖 = 𝑉̇𝑖𝑛𝑓 + 𝑉̇𝑠𝑢 ∙ 𝑓𝑣 + 𝑉̇𝑚𝑒𝑐ℎ,𝑖𝑛𝑓 19.  

 

 
𝑇𝑛 = 𝑇𝑒 + 𝜙(𝑇𝑖 − 𝑇𝑒) 

 
20.  

 
𝑉𝑚𝑖𝑛 = 𝑉𝑠𝑛𝑚𝑖𝑛 

 
21.  

 
𝑓𝑣 =

𝑇𝑖 − 𝑇𝑛

𝑇𝑖 − 𝑇𝑒
= 1 − 𝜙 

 

22.  
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𝑉̇𝑖𝑛𝑓 = 2𝑉𝑛50𝑒𝑖𝜀𝑖  

 
23.  

 
𝑄𝑣𝑒 = 𝜌𝑉̇𝑖𝐶𝑝(𝑇𝑖 − 𝑇𝑒) 

 
24.  

Where: 

V- the cubic capacity of heated space, m3 

𝐕̇𝐢𝐧𝐟- the infiltrating air to the heated space, (m3/s) 

𝐕𝐬-  the volume of the air supplied to the heated space, m3(m3/s) 

𝐕𝐦𝐢𝐧- the minimum volume of air flow, (m3/s) 

𝐕̇𝐦𝐞𝐜𝐡,𝐢𝐧𝐟- the excess of air flow discharged from heated space, (m3/s) 

𝐟𝐯- temperature reduction factor  

𝐧𝐦𝐢𝐧- the minimum multiplicity of air exchange, h−1 

𝐓𝐧- temperature of the air supplied to the heated space, ℃ 

𝐧𝟓𝟎- the multiplicity of air exchange, h−1 

𝐞𝐢- the shielding factor  

𝛆𝐢- correction factor related to  air velocity depending on location of heated space. 

 

Tab. 7 All data necessary to calculate heat losses by ventilation [VI].  

𝛆𝐢 1 𝛒 1,2 

𝐞𝐢 0,02 𝐕̇𝐢𝐧𝐟 41,4 

𝐧𝟓𝟎 3 𝐕̇𝐬𝐮 40 

𝛟, % 60 𝐕̇𝐦𝐞𝐜𝐡,𝐢𝐧𝐟 0 

𝐟𝐯 0,4 𝐂𝐩 1006,1 

𝐓𝐧 5,4 𝐐𝐯𝐞 2643,7 

𝐕𝐦𝐢𝐧 50 𝐕 345,3 

𝐧 0,5 𝐕𝐢
̇  57,4 

 

𝐐𝐯𝐞 = 2,71 kW 

 

All heat losses, by barrier construction and by ventilation as well are 6,84 kW. 
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3.1.4. The demand of domestic hot water 

It is necessary also to calculate the demand of domestic hot water. It was assumed that 

in the house live 4 people. The domestic hot water is needed in the bathroom to take a bath and 

in the kitchen in the sink (for example to wash the dishes). The assumed daily water 

consumption per person is 0,008 𝑚3 like listened below.  

 To calculate power and energy which is needed for hot domestic water there were used 

the following formulas [VII]: 

 
QDHW = Cp ∙ ρ ∙ V ∙ (tH − tC) ∙ 106[GJ] 

 
25.  

 
ΦDHW = Vave ∙ qDHW ∙ Nh ∙ 277,7 

 
26.  

 Nh=9,32 ∙ U−0,244 27.  

 Vave =
Vday

18
 28.  

Tab. 8 Data necessary to calculate hot domestic water demand.  

U 4 

𝐕 0,008 m3 

𝐕𝐝𝐚𝐲 0,02 m3 

𝐕𝐚𝐯𝐞 0,0011 m3 

𝐭𝐇 55℃ 

𝐭𝐂 10℃ 

𝐂𝐩 4,19
kJ

kg
 

𝛒 997
kg

m3
 

Energy consumption for heating of 1 
𝐦𝟑of water 

0,189
GJ

m3
 

𝐐𝐃𝐇𝐖 0,04
GJ

day
 

𝐍𝐡 6,65 

𝚽𝐃𝐇𝐖 0,1 kW 

 

Where: 

𝐭𝐇-the temperature of hot water, ℃ 

𝐭𝐂- the temperature of cold water, ℃ 

𝐂𝐩- the specific heat of water, 
𝑘𝐽

𝑘𝑔
 

𝐕- Daily water consumption per person 
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𝛒- the density of the water,  
𝑘𝑔

𝑚3 

U- number of persons in the house 

𝐐𝐃𝐇𝐖- Daily energy consumption of domestic heat water in the building 

𝚽𝑫𝑯𝑾- heat power needed for domestic hot water 

𝐪𝐃𝐇𝐖- daily water flow rate 

𝐍𝐡 - Water partition coefficient of uniformity 

𝐕𝐚𝐯𝐞- Average hourly consumption of domestic hot water in the building 

𝐕𝐝𝐚𝐲- Daily Consumption of hot domestic water in the building 

 

3.1.5. The demand of electricity 

For the calculation was considered for a typical M3 house, which consists of: two 

bedrooms, a bathroom, a living room with the kitchen, vestibule and corridor. It was considered 

a set of appliances and equipment used in each sections of the house. To determine the energy 

consumed monthly by certain equipment in Wh (or kWh), the operating time was multiplied by 

the power of the selected equipment. The monthly cost spent on energy was determined by 

multiplying the total energy consumed by all devices in kWh by the unit cost of kWh, which is 

indicated with a value 0, 54 PLN/ kWh. 

For the typical house in Poland the electricity demand is about 10-12 kW or even more 

when in the flat there is electricity oven or electricity heating installation. This value is correct 

only in the situation when all of devices used in the house are working simultaneously.  Usually 

the devices and equipment in house do not work together in the same time, so it is possible to 

assume smaller electricity demand. 

In the Tab. 9 there are listened all electricity devices and light equipment used in house 

depending on the room type. The column contains information about the power of each device, 

operating time during day f. There were also calculated power consumption per day and month 

price for electricity usage. 

The Summer electrical needs are different from the Winter demand. In the following 

table there are presented the electrical needs for both these seasons for each of the divisions of 

the house, being presented in the order total monthly consumption of electricity in Winter and 

in Summer as well. 
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Tab. 9 The electricity demand in assumed house for Winter and Summer.  

Room Devices Power 

Operation time/ day 

 

Power 

consumption 

kWh/day 

Price, PLN/ month 

Winter Summer Winter Summer Winter Summer 

Vestibule 

Heating 

installations 
15000W 12h 5h 3,00 1,25 46,80 zł 19,50 zł 

2 bulbs 55 W 14h 4h 0,77 0,44 12,01 zł 6,86 zł 

Living room 

with kitchen 

Coffee 

express 
500W 1h 1h 0,17 0,17 2,57 zł 2,57 zł 

TV 310W 5h 4h 0,03 1,24 0,40 zł 19,34 zł 

Oven 3500W 1,5h 1h 5,25 3,50 54,60 zł 54,60 zł 

5 bulbs 55 W 14h 4h 3,85 0,88 29,80 zł 29,80 zł 

Dishwasher 

1,49 kWh 

per 

washing 

5 washings per week 7,45 7,45 60,06 zł 60,06 zł 

Water heater 2000W 10 min 10 min 0,33 0,33 5,20 zł 5,20 zł 

Microwave 900 W 20 min 30 min 0,30 0,45 4,68 zł 7,02 zł 

Fridge 2000W 24h 24h 0,74 0,74 11,54 zł 11,54 zł 

Corridor 2 bulbs 55W 14h 4h 1,54 0,44 24,02 zł 6,86 zł 

Bedroom 1 
2 bulbs 55W 14h 4h 1,54 0,44 24,02 zł 6,86 zł 

Computer 250 6h 6h 1,50 1,50 23,40 zł 23,40 zł 

Bedroom 2 
3 bulbs 55W 14h 4h 2,31 0,66 36,04 zł 10,30 zł 

TV 210 3h 3h 0,63 0,63 9,83 zł 9,83 zł 

Bathroom 

Ventilator 20W 10h 10h 0,20 0,20 3,12 zł 3,12 zł 

2 bulbs 55W 14h 4h 1,54 0,44 24,02 zł 6,86 zł 

Washing 

machine 

0,95kWh

/washing 
2 washings/per week 0,28 0,28 1,12 1,12 zł 

Together 29,67 21,04 358,94 zł 224,23 zł 
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3.1.6. Summary of the heat and power consumption in the selected house 

There were conducted above all necessary calculations to know thermal and electricity 

load of selected building. The summary is presented in the following table. 

Tab. 10 Summary of the heat and electricty demand. 

 
Summer Winter 

kW MJ/ month kW MJ/ month 

Electricity 0,9 2272,3 1,25 3240,2 

Heat 0,1 259,2 6,94 17936,6 

 

3.2.  Selection of the refrigerant 

In the Chapter 2 are described desirable properties of refrigerant. In this chapter there 

was conducted a comparison analysis of the three type of refrigerants, in line with the European 

standards: 

 R134a 

 R507a 

 R290. 

 

It is presented below T-S (temperature-entropy) diagram of fluid heating cycle. On the 

diagram are shown 4 main processes: 

 1-2 The isentropic process in which pressure is increasing 

 2-3 The isobaric heating of the operating medium passing from the liquid to the state 

of superheated steam in which enthalpy is increasing 

 3-4 Process in which there is an enthalpy decrease of the steam passing through the 

turbine. In the turbine the refrigerant undergoes an ideally isentropic expansion that 

drives the turbine and consequently there is the production of electricity in generator; 

 4-1 The operating medium exits to the turbine at vapor state, so it is required to cool 

the working fluid in a condenser. 
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Fig. 8 T-S Diagram of fluid heating cycle 

 

Fig. 9 Schema of refrigerant heating cycle. I – cooling tower, II – circulation pump of refrigerant III- 

turbine, IV – generator, V- condenser 

To conduct all calculations the temperature of higher and lower source must be 

assumed.  The analysis was conducted for three values of the temperature of higher source 

(water in the solar collector) and one temperature of the lower source (refrigerant in ORC 

installation). The assumed temperatures are presented in the following table: 

 

Tab. 11 The temperatures of higher and lower source. 

Temperature of higher source, ℃ 50 65 80 

Temperature of lower source ,  ℃ 34 
 

These temperatures were chosen because the refrigerant can easily reach 50-80ªC at 

the collector; and the temperature in the condenser was chosen in order to be possible to heat 

the house during the condensing process (required temperature was set above as 21ºC). All 

parameters of refrigerants were read from the program Coolpack [VIII], which is  

a special program with collection of simulation models for refrigeration systems. The models 
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each have a specific purpose e.g. cycle analysis, dimensioning of main components, energy 

analysis and -optimization.  

The following equations were used in the analysis of refrigerants: 

 mref =
Ne

ηturηgen(h4 − h3)
 29.  

 W3−4 = ηtur(h4 − h3) 30.  

 Q2−3 = mref(h3 − h2) 31.  

 Q1−4 = mref(h4 − h1) 32.  

 mwater =
Q2−3

Cp∆T
 33.  

Where: 

𝐦𝐫𝐞𝐟- the mass flow of refrigerant, 
𝑘𝑔

𝑠
 

𝐍𝐞- electricity power, kW 

𝛈𝐭𝐮𝐫-  energy efficiency of the turbine 

𝛈𝐠𝐞𝐧- energy efficiency of the generator 

𝐖𝟑−𝟒- The power produced in the turbine into a mass flow of refrigerant, kW 

𝐐𝟐−𝟑- The input power of the cycle, which has to be provided by solar collector, kW 

𝐐𝟏−𝟒- The heat power of condenser, kW 

𝐦𝐰𝐚𝐭𝐞𝐫- The mass flow of water in solar collector system, 
𝑘𝑔

𝑠
 

𝐡𝟒, 𝐡𝟑, 𝐡𝟐, 𝐡𝟏- The value of enthalpy of refrigerants depending on the point on the figure, 
𝑘𝐽

𝑘𝑔
 

 

The assumed value of energy efficiency of the turbine, the energy efficiency of the generator 

and the electricity power produced by generator are presented in the following table: 

Tab. 12 The assumed values necessary for calculations. 

𝛈𝐭𝐮𝐫 70% 

𝛈𝐠𝐞𝐧 90% 

𝐍𝐞(𝐰𝐢𝐧𝐭𝐞𝐫,𝐬𝐮𝐦𝐦𝐞𝐫) 1,5 kW; 0,9 kW 

 

The tables with all of the necessary properties of refrigerants depending on the 

temperature of higher source are presented below. Like it was said before, the properties were 

read from the program Coolpack. The T-S diagrams of selected refrigerants are attached in the 

Appendix 1.  
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Tab. 13 The refrigerant properties for the temperature of lower and higher source, respectively 34℃ 

and 50℃. 

Points Temperature, K Enthalpy 
𝒌𝑱

𝒌𝒈
 Entropy

𝒌𝑱

𝒌𝒈𝑲
 Pressure, MPa 

R134a 

1 307 247,7 1163,6 8,6 

2 309 247,7 1163,63 13,2 

3 333 435,2 1744,63 13,2 

4 317 426,7 1744,63 8,6 

R507 

1 307 244,0 1148,4 16,2 

2 309 244,0 1148,4 23,8 

3 329 386,5 1587,4 23,8 

4 311 378,9 1587,4 16,2 

R290 

1 307 291,1 1308,5 11,9 

2 309 291,1 1308,5 17,2 

3 330 637,4 2378,2 17,2 

4 312 619,7 2378,2 11,9 

Tab. 14 The refrigerant analysis for the temperature of lower and higher source, respectively 34℃ and 

65℃. 

Points Temperature, K Enthalpy 
𝒌𝑱

𝒌𝒈
 Entropy

𝒌𝑱

𝒌𝒈𝑲
 Pressure, MPa 

R134a 

1 307 247,7 1163,6 8,6 

2 309 247,7 1163,63 18,9 

3 343 435,3 1721,5 18,9 

4 311 413,8 1721,5 8,6 

R507 

1 307 244,0 1148,4 16,2 

2 309 244,0 1148,4 33,3 

3 354 399,1 1606,6 33,3 

4 317 384,9 1606,6 16,2 

R290 

1 307 291,1 1308,5 11,9 

2 309 291,1 1308,5 23,4 

3 362 692,7 2494,2 23,4 

4 331 657,6 2494,2 11,9 
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Tab. 15 The refrigerant analysis for the temperature of lower and higher source, respectively 34℃ and 

80℃. 

Points Temperature, K Enthalpy 
𝒌𝑱

𝒌𝒈
 Entropy

𝒌𝑱

𝒌𝒈𝑲
 Pressure, MPa 

R134a 

1 307 247,7 1163,6 8,6 

2 309 247,7 1163,6 26,3 

3 365 449,8 1743,8 26,3 

4 317 426,3 1743,8 8,6 

R507 

1 307 244,0 1148,4 16,2 

2 309 244,0 1148,4  

3 - - - - 

4 - - - 16,2 

R290 

1 307 291,1 1308,5 11,9 

2 309 291,1 1308,5 31,5 

3 366 672,9 2400,6 31,5 

4 316 627,2 2400,6 11,9 

 

Based on the values included in the tables above were calculated the mass flow of 

refrigerant in the ORC cycle, mass flow of water in solar collector, input power of cycle (power 

which has to be provided by solar collector), power of the generator and also power of 

condenser. The results of these calculations are presented in the following table: 

Tab. 16 Comparison of the three types of refrigerants (Winter). 

 R 134a R507 R290 

50℃ 

𝐦𝐫𝐞𝐟,
𝐤𝐠

𝐬
 0,28 0,31 0,13 

𝐖𝟑−𝟒 1,67 1,67 1,67 

𝐐𝟐−𝟑 52,52 44,64 46,58 

𝐐𝟏−𝟒 50,14 42,26 44,20 

65℃ 

𝐦𝐫𝐞𝐟, 
𝐤𝐠

𝐬
 0,11 0,17 0,07 

𝐖𝟑−𝟒, 𝐤𝐖 1,67 1,67 1,67 

𝐐𝟐−𝟑, 𝐤𝐖 20,78 26,01 27,24 

𝐐𝟏−𝟒, 𝐤𝐖 18,39 23,63 24,86 

80℃ 

𝐦𝐫𝐞𝐟,
𝐤𝐠

𝐬
 0,10 - 0,05 

𝐖𝟑−𝟒, kW 1,67 - 1,67 
𝐐𝟐−𝟑, 𝐤𝐖 20,48 - 19,89 
𝐐𝟏−𝟒, kW 18,10 - 17,51 
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Based on the analysis above, the best refrigerant for the system designed in this work is 

R134a. 

Tab. 17 The calculated values for the chosen refrigerant R134a for three differences of the temperatures 

for the Winter season. 

 

Tab. 18  Thermal load of solar installation for the 3 difference of the temperatures, for Summer and 

Winter as well. 

 

The Winter season is assumed from November to March, and Summer season from April 

to October.  The chosen difference of temperature is 34℃ and 80℃.   

In the Tab. 18 are presented results of calculations of thermal load for Winter and 

Summer as well. The flow mass of refrigerants in the Organic Rankine Cycle was calculated 

knowing electricity demand for these two seasons. The value of 𝐐𝟏−𝟒 is the value of heat wasted 

in condenser, which can be used for the heating needs of the building.  

On the next page the calculated result are shown on the schematic drawing of the 

installations.  In both of these samples for Summer and Winter season as well, the value of  𝐐𝟐−𝟑 

is value of heat, which has to be provided by operating medium in solar collector (thermal load 

of solar collector) in order to transfer heat to refrigerant in the next part of process.  

T, ℃ 50 65 80 

𝐖𝟑−𝟒,𝐬𝐮𝐦𝐦 kW 1,0 1,0 1,0 

𝐐𝟐−𝟑,𝐬𝐮𝐦𝐦 , 𝐤𝐖 31,5 12,3 12,5 

𝐐𝟏−𝟒,𝐬𝐮𝐦𝐦, kW 30,1 10,9 11,0 

𝐖𝟑−𝟒,𝐰𝐢𝐧𝐭 kW 1,7 1,7 1,7 

𝐐𝟐−𝟑,𝐰𝐢𝐧𝐭, 𝐤𝐖 52,5 20,8 20,4 

𝐐𝟏−𝟒,𝐰𝐢𝐧𝐭, kW 50,1 18,4 18,1 

T, ℃ 50 65 80 

𝐦𝐰𝐚𝐭𝐞𝐫,𝐰𝐢𝐧𝐭 ,
𝐤𝐠

𝐬
 2,51 0,98 0,99 

𝐦𝐰𝐚𝐭𝐞𝐫,𝐬𝐮𝐦𝐦 ,
𝐤𝐠

𝐬
 1,50 0,59 0,59 

𝐦𝐫𝐞𝐟,𝐰𝐢𝐧𝐭, 
𝐤𝐠

𝐬
 0,28 0,11 0,10 

𝐦𝐫𝐞𝐟,𝐬𝐮𝐦𝐦, 
𝐤𝐠

𝐬
 0,17 0,06 0,07 

𝐐𝟏−𝟒,𝐬𝐮𝐦𝐦𝐞𝐫, MJ 727792,9 262656,0 266996,1 

𝐐𝟐−𝟑,𝐬𝐮𝐦𝐦𝐞𝐫 𝐌𝐉 81680,7 31844,6 32309,6 

𝐐𝟏−𝟒,𝐰𝐢𝐧𝐭𝐞𝐫, MJ 129963,0 46902,9 47677,9 

𝐐𝟐−𝟑,𝐰𝐢𝐧𝐭𝐞𝐫 𝐌𝐉 136134,5 53074,3 53849,3 
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Draw. 3 Schema of the installation in Winter.  

 

Draw. 4 Schema of the installation in Summer. 
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3.3. Sizing of the installation by the method of solar fraction 

The systematic of F-chart method was described in the Sub chapter 2.3. In this chapter the 

results of using the solar fraction method are presented. To apply the method of solar fraction 

the installation has to be considered as a thermodynamic system, in this report 3-rooms house 

connected to an installation of solar collectors. The values, which must be known to use the  

f-chart method are monthly energy needs/thermal loads. The solar fraction can be set monthly 

or annually. It is the energy captured monthly/ yearly or monthly/annual heat load. 

3.3.1. The calculation of solar fraction 

To set the incoming solar radiation it is necessary to define the location. The installation is 

located in Wrocław, south-west part of Poland, where the latitude is 51°.  

The calculations were made based on the theory and in the formulas set out in chapter 2.3 . First 

it was calculated the amount of radiation that the solar collector receives – this  part is converted 

into thermal energy or the amount of solar energy that actually contributes to energy system 

needs. 

To calculate the solar fraction the following parameters must be assumed: 

 Location – Wrocław, Poland 

 Latitude - 51° 

 The slope of solar collector β = 35° 

 Ratio of collector heat exchanger and removal factor 
𝐹′

𝑅

𝐹𝑅
= 0,97 

 𝐹𝑅𝑈 = 7,84
W

m2K
 

 𝐹𝑅(𝜏𝛼)𝑛=0,81 

 Global coefficient of collector looses U = 5,77
W

m2K
 

 𝜌 = 0,1 

The calculation of the amount of radiation the collector receives was the starting point 

for calculating the solar fraction. All calculations were made in a spreadsheet (Annex II, CD). The 

solar radiation is related to the location of collector (N, E, S W) and the slope of the collector.  

The following equations were used: 

 The direct radiation: 

 𝑆𝑑 = (1 −
𝐷𝐻

𝐺𝐻
) ∙ 𝑅𝑠 ∙ 𝐺𝐻 34.  

 The diffuse radiation 

 𝐷 = (
𝐷𝐻

𝐺𝐻
) ∙

(1 + 𝑐𝑜𝑠𝛽)

2
∙ 𝐺𝐻 35.  
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 The albedo radiation intensity 

 𝐿 = 𝜌 ∙
(1 + 𝑐𝑜𝑠𝛽)

2
∙ 𝐺𝐻 36.  

 

Fig. 10 The monthly diagram of global radiation for the city of Wrocław, based on [IX]. 

 

Fig. 11 Graphic relation of the  ratio of direct irradiation on a sloping surface in relation to the ground 

and direct radiation incident at the same surface resting on the ground. 
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Fig. 12 Monthly average daily value of ratio of radiation on a sloping surface relative to the ground and 

the radiation incident on the same surface resting on the floor. 

 

Fig. 13 Chart of the direct and diffuse radiation and albedo of the city of Wrocław. 
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Fig. 14 The diagram of irradiation for the city of Wrocław.  

Solar collectors cover glass with a transferability 𝜏 and an absorber plate with an absorption 

coefficient 𝛼. The assumed values are 𝜏𝑛 = 0,88 and 𝛼𝑛 = 0,94. To determine 𝜏 and 𝛼  the first 

step is to calculate monthly journal angle of the direct solar radiation i. The figure below is 

containing the i curves for each month of the year. The value of i in correlation to |ϕ − β| was 

found using this figure.  

 

Fig. 15 The average monthly angle of daily incidence of solar radiation. 
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In the Appendix 2 on the CD there are presented calculated values of i for every month of the 

year, values of 
(𝜏𝛼)𝑠

(𝜏𝛼)𝑛
 , 

𝛼

𝛼𝑛
, 

𝐷ℎ

𝐺ℎ
, 

𝑅𝑠

𝑅
 .  

The using equation to calculate all necessary values are presented below: 

 

 
(τα)s

(τα)n
= (1 −

Dh

Gh
) ∙

Rs

R
∙

α

αn
∙

τ

τn
 37.  

 
(τα)D

(τα)n
=

1

Dh
Gh

∙ (
1 + cosβ

2
)

∙
α

αn

(60°) ∙
τ

τn

(60°) 38.  

 
(τα)L

(τα)n
= (

Dh

Gh
) ∙ (

1 + cosβ

2
) ∙

α

αn

(60°) ∙
τ

τn

(60°) 39.  

 
(τα)

(τα)n
=

(τα)s

(τα)n
+

(τα)D

(τα)n
+

(τα)L

(τα)n
 40.  

 Iβ(τα) =
(τα)

(τα)n
∙ Iβ ∙ 0,88 ∙ 0,94 41.  

 

 

Fig. 16 Monthly average daily values of 
(𝝉𝜶)

(𝝉𝜶)𝒏
,

(𝝉𝜶)𝒔

(𝝉𝜶)𝒏
 ,

(𝝉𝜶)𝑫

(𝝉𝜶)𝒏
,

(𝝉𝜶)𝑳

(𝝉𝜶)𝒏
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Fig. 17 𝐈𝛃(𝛕𝛂) for the city of Wrocław. 

  The next step is the calculations of solar fraction. The values of solar fraction is obtained 

by the following equation, which depends on two parameters X and Y, which are calculated by 

Formulas (9) and (10). 

 f = 0,29Y − 0,065X − 0,245Y2 + 0,0018𝑋2 + 0,0215𝑌3 42.  

 

The value of 𝑄2−3 = 𝑄𝐶𝑇, which is the  value corresponding to thermal installation needs 

(thermal load) of the solar collector is necessary to calculate solar fraction.  The design of the 

system will be made by varying the solar collector area. The system will obtain different fractions 

for different areas. The area of variation was 10 m2 up to a maximum value of collector area of 

80 m2. The best collector area will be chosen in the next chapter.  

The relation of solar fraction and collector area is shown on the figure above. As we 

increase the area, the solar fraction tends to 1. When f = 1 energy collected by collectors match 

all your energy needs, but the higher the of collector area, the higher the cost of installation. All 

calculation related with solar fraction are included in Annex 2. 

0,0E+00

2,0E+06

4,0E+06

6,0E+06

8,0E+06

1,0E+07

1,2E+07

1,4E+07

1,6E+07

Ib ta
[J/m2.dia]



ERASMUS PROJECT  Monika Żurawska 

. 49 

 

  

Fig. 18 Values of solar fraction depending on the solar collector area based on tables included in Annex II. 

 

3.4. Selection of the main components of system 

The data sheets of selected components are included in the Annex II. 

3.4.1. The solar collector 

The selected solar collector is TISUN FM- S 2.0. [XVIII]. The technical characteristic of this 

collector are: 

 Type - flat module plate collector  

 Installation and assembly - The angle of inclination from 15 ° to 70 ° 

 Allowable load - max. 300 
kg

m2 

 Frame - aluminum frame in graphite (RAL7016) powder affixed, the rear wall of 

aluminum 

 Absorber - aluminum absorber with highly selective PVD coating, meandering copper 

tubes, laser welded 

 Connectors - 4/copper tubes, 18 x 0.8 mm 

 Coverage - Prismatic solar glass with a thickness of 4 mm (high energy transmission 

factor) 

The price of one collector is 1290 PLN. Set fixing one collector on the roof costs 425 PLN. 
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3.4.2. Thermo accumulator  

For needs of analyzed system the thermoaccumulator of the brand Velis 80L EU 3700421 

Ariston was selected [XVI].  The technical properties of this devices are listened below: 

Installation : horizontal/ vertical 

 Capacity – 80 l 

 Power – 1,5 kW 

 The maximum operating temperature- 80℃ 

 Daily energy loss (at 60℃)-0,93 kWh/24h 

 Maximum operating pressure- 8 bar 

 Protection – IPX4. 

The cost of this thermo accumulator is 809 PLN.  

3.4.2. Wood boiler  

Wood boiler are used in heating systems, as well as for domestic hot water systems.  In the 

situation when the solar installation will not be enough to meet the needs of heat and electricity 

demand of the house, the gas boiler will start operate. The selected boiler is HT Baisc 11 [XVII]. 

The price of selected boiler is 2488 PLN. To this price must be add costs of necessary equipment, 

around 2000 PLN. 

3.4.3. Water and refrigerant circulation pump 

The selected water circulation pump is the pump of type  25/60-180 IBO [XIV]. The main 

advantages of this pump: 

 low energy consumption; 

 quiet operation; 

 easy installation and commissioning; 

 convenience. 

The cost of selected model is 130 PLN/ pump, the total price 260 PLN. 

3.4.4. Cooling tower 

After leaving the turbine, the refrigerant must pass through a heat exchanger which 

transfers heat to home and subsequently by coil positioned within the cooling tower. The 

condensation of refrigerant should be complete after the refrigerant passing through the heat 

exchanger and serpentine. The cooling tower works so that the refrigerant passes within a coil 

and the back coil will flow saturated with moisture, at the temperature of the bulb wet. The 

cooling tower will have to dissipate a maximum to a power atmosphere maximum heat of 

18,1kW. 
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The chosen cooling tower is the model T25, company CTS Cooling Tower Systems [X]. 

The drawings of selected cooling tower is attached as a Appendix 3. The cost of this is 1257 $ 

(1$=4,13 PLN -  dollars exchange rate from 26.01.2015) so the total price in polish currency is 

5192 PLN. 

3.4.5. Float steam trap 

At the exit of the serpentine cooling tower must be a steam trap, such as those that exist 

in steam, to ensure full condensation of the refrigerant to output of the cooling tower. A float 

valve is the best choice because it does not allow the steam output and allows a constant output 

of condensate is often used to hold the vapor in the output of heating appliances. The chosen 

float steam trap is F32, brand Stim Bytom. The price of float steam trap is 365 PLN. [XXII] 

3.4.6. Batteries to store electrical energy (not mandatory as explained before) 

To select adequate batteries storing electrical energy the power consumed daily should 

be known. This value is determined by multiplying the value of 1,25 kW in Tab. 10, over 15% of 

this value, corresponding to losses in the inverter, which is 1,44 kW. 

It assumed a value of autonomy of 3 hours, multiplied by 1,44 kW gives 4,32 kWh. 

Dividing 4,32 kWh per 12V corresponding to the voltage value in the database batteries, has 360 

Ah, what mean that the battery bank capacity must be equal or greater than 360 Ah. 

The selected battery pack has the following characteristics: 

 Stationary; 

 Company FIAMM Motive Power  [XII] 

 Made up of 6 blocks of 2V each; 

 Capacity of 400 Ah; 

The price of all batteries is  3500 PLN. 

3.4.7. Power inverter 

The inverter converts alternating current to charge the batteries and continues in 

alternating, which will be used for feeding the house equipment. It makes up the design of the 

inverter by comparing the electricity consumption of house with Wh actual capacity of the drive 

(capacity in W x FP). The drive must have higher capacity consumption. The house has an 

average fuel consumption in a day, the month of Winter 1,25 kW, so the charger / inverter must 

be a power or higher energy and inputs and outputs 12 V and 220 V. The selected power inverter 

is PRO P313D31122 ARTEL. The price of it is 495 PLN. [XXI] 
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3.4.8. Charge regulator 

The charge regulator is a component used in autonomous systems to manage and control 

the charge and discharge process of the battery bank. Functions of the charge controller: 

 Applicable to various types of batteries; 

 MPPT function, Maximum Power Point Tracker, function of detecting the maximum 

point 

 Panel power and deliver it by this maximum power in the battery voltage, 

 Thereby providing a substantial increase in system performance; 

 Microprocessor pulse-width modulation controller (PWM) charge; 

 Temperature sensor for compensation of battery charging; 

 Overload protection (automatic restoration); 

 Discharge protection (automatic restoration); 

 Short circuit protection (automatic restoration): 

 Thunder protection; 

 Protection against reverse discharge. 

To calculate the current of the charge regulator the electricity power (including possible inverter 

losses) 1,44 kW must be multiplying by voltage of batteries (12 V), what gives 120 A. In the 

analyzed system it is necessary to use two charge regulator. The selected device is the charge 

regulator of brand VOLT Polska 60 A. The price of is 656 PLN.  

 

3.4.9. Turbine/ Generator 

During the research it must be found a turbine that uses a refrigerant as the working 

medium. The power of this system is 1,7 kW. The selected turbine generator is  ORC IT10 brand  

RENCRAFT. In the Annex 4 there is information on main characteristics of the turbine and 

generator. [XI].The cost of it is 3200 PLN. 

 

3.4. Economic analysis 

For investors there are very important economic and social advantages as well. One of the 

key information is the payback period. There are the certain criteria for making a decision such 

as NPV, IRR and mentioned earlier period time. These criteria were described in the chapter 2.5. 

In this chapter it will be defined area collectors, by the results of investment evaluation criteria. 

The larger area of collectors means greater energy produced but the installation and hence 

increase of the costs. All calculation related to economic analysis are included in Annex 5 on the 

CD. 
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3.5.1. Cost of the installation 

Tab. 19 Costs of the installation components. 

Component Price, PLN 

Kit hydraulic connections for thermal solar collectors, with isolated 
connections, plugs, cable glands etc. 

420 

Cooling tower 5192 

Float steam trap 365 

Thermo accumulator 809 

Gas boiler  4488 

Circulation pump 2x 260 

Batteries to store electrical energy 3500 

Power inverter 495 

Charge regulator 656 

Turbine / generator 3200 

Water-glycol solution for thermal solar collector filler, for 
working temperature of -28°C to + 200°C  

50 

Brass ball valve nickel 40 

Special safety valve for solar thermal applications for a 
maximum temperature of 130 ° C  

155 

TOGETHER 19630 

 

The cost of solar collector is the variable cost because it depends on the collector area 

and number of the solar modules, what will be defined in the next part of this chapter. This cost 

of one collector together with assembly is 1790 PLN. 

Tab. 20 The maintenance costs of the components 

Annual cost of solar collector maintenance 600 

Annual maintenance cost for the boiler  350 

Annual maintenance cost for the generator circuit  700 

TOGETHER 1650 PLN 

 

In calculating the investment, the total cost of the installation is composed of variable cost 

which is related to the area of solar collectors and a fixed cost that is related to the basic 

elements of an installation. Investment values were obtained by formula: 

 INV = 𝐴 ∙ 𝐂𝐕 + 𝐂𝐞 43.  
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Tab. 21 Composition of investment variables. 

INV The cost of investment 

𝐂𝐕 The variable cost of installation (1m2) 895 PLN 

𝐂𝐞 Cost of the components 19630 PLN 

𝐂𝐌 Cost of maintenance 1650 PLN 

CW Price per kWh  0,54 PLN/kWh [XIX] 

 

3.5.2. Installation sizing by economic criteria 

The area of solar collectors in the facility will be determined by the best results of the criteria 

evaluation of investments. For evaluation criteria investments set up a rate of weighted average 

cost of capital life of solar thermal system and an inflation rate according to the conducted 

survey. The value of the rate of weighted average cost and the number of years of life were set 

to determining the NPV and IRR. An inflation rate was also considered in view of the increasing 

the cost of energy and maintenance services. 

Tab. 22 The necesseary information to sizing installation by economic criteria. 

The weighted average cost 
of capital rate  

The number of years of useful 
life of the solar system 

The annual inflation rate 

5% 20 2,4% 

 

There will be considered 3 types of the auxiliary system : 

 Gas boiler 

 Coal boiler 

 Wood boiler 

The auxiliary system will become operation in the situation that the solar system cannot supply 

enough power.  The table below contains necessary information to calculate cost of the fuel in 

every sample: 

 

Tab. 23 Desription of fuels in the auciliary system [XV], [XX] 

Fuel type Price Calorific value 

Gas 1,5 PLN/𝑚3 10,29 kWh/𝑚3 

Wood 240 PLN/𝑚3 3300 kWh/𝑚3 

Coal 740 PLN/ton 8 kWh/kg 
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The wood is sold in the block of volume of 1𝑚3, that mean that in this volume is not full 

1𝑚3 of wood, but unit called 1 mp. To have 1𝑚3 of wood, the 1mp must be multiplying by 1,4. 

In the Tavle below there were conducted data for full 1𝑚3 of wood,  

The calculation made for the cost the auxiliary system is using the following equation: 

 𝐶𝑜𝑠𝑡𝑎𝑢𝑥.𝑠𝑦𝑠 = (1 − f) ∙ QCTannual(in kWh) ∙ Price  44.  

 

The annual revenues were obtained as indicated by the following formula: 

 Rev = Sav − 𝐶𝑜𝑠𝑡𝑎𝑢𝑥.𝑠𝑦𝑠 − 𝐶𝑀 45.  

 

In the obtained annual revenues took into account the saving of using solar energy 

system, the cost of the auxiliary system and the cost of the annual maintenance of the system. 

 

In the following table there were made a calculation related to cost of investment, 

annual cost of the auxiliary system, annual energy savings, annual revenue for each 

corresponding area. The calculations were performed based on the equations (42), (43), (44) 

and (45). 

The following equation was used to calculate savings of the energy and heat: 

 Elec = 9261kWh ∙ 0,54
PLN

kWh
 46.  

 

 

 

 

 

 

 

 

 

 

 

 

Heat = (145600kWh: 3300
kWh

m3
) ∙ 240PLN 

 

47.  
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Tab. 24 Information necessary to calculate cost of solar system. 

Area of 

collector, 

𝒎𝟐 

Cost of 

investment, 

PLN 

Energy 

which will 

be provided 

by solar 

system, GJ 

Energy which 

must be 

provided by 

auxiliary 

system, kWh 

Cost of 

auxiliary 

system (gas), 

PLN 

Cost of 

auxiliary 

system 

(wood), PLN 

Cost of 

auxiliary 

system 

(coal), PLN 

0 0 0,0 145600,0 21224,5 13468,0 11457,0 

10 28580 115,8 113190,0 16500,0 10470,1 8906,8 

20 37530 131,5 108777,2 15856,7 10061,9 8559,5 

30 46480 146,7 104535,2 15238,4 9669,5 8225,7 

40 55430 161,2 100461,2 14644,5 9292,7 7905,1 

50 64380 175,2 96549,6 14074,3 8930,8 7597,3 

60 73330 188,6 92797,6 13527,3 8583,8 7302,1 

70 82280 201,4 89199,6 13002,9 8251,0 7019,0 

80 91230 213,8 85750,0 12500,0 7931,9 6747,5 

90 100180 225,6 82446,0 12018,4 7626,3 6487,6 

100 109130 236,8 79284,8 11557,6 7333,8 6238,8 

110 118080 247,7 76258,0 11116,3 7053,9 6000,6 

120 127030 258,0 73362,8 10694,3 6786,1 5772,8 

130 135980 267,9 70599,2 10291,4 6530,4 5555,3 

140 144930 277,3 67956,0 9906,1 6285,9 5347,4 

150 153880 286,3 65433,2 9538,4 6052,6 5148,8 

160 162830 294,9 63025,2 9187,3 5829,8 4959,4 

170 171780 303,1 60726,4 8852,2 5617,2 4778,5 

180 180730 311,0 58534,0 8532,7 5414,4 4606,0 

 

 

In the following table will be presented information about how much would cost heat 

and electricity gained because of solar system depending on the solar collector area and savings/ 

losses achieved thanks this solution. 

Savings of heat was calculated assuming that heat is provided by wood boiler and the electricity 

is bought from the national grid. 

The revenues gained by investor were calculated by subtracting cost of auxiliary system 

and cost of annual maintenance from the savings gaining because of using solar system. 
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Tab. 25 Savings of energy and revenues of usage the solar system.  

Area of collector, 

𝒎𝟐 

Savings gained from 

the heat provided by 

the solar system, PLN 

Savings gained 

from the 

electricity 

provided by the 

solar system, PLN 

Savings 

together, PLN 
Revenues, PLN 

0 

2423,6 5003,2 

0 -13107,0 

10 7426,81 -3129,9 

20 7426,81 -2782,7 

30 7426,81 -2448,9 

40 7426,81 -2128,3 

50 7426,81 -1820,5 

60 7426,81 -1525,3 

70 7426,81 -1242,2 

80 7426,81 -970,7 

90 7426,81 -710,7 

100 7426,81 -462,0 

110 7426,81 -223,8 

120 7426,81 4,0 

130 7426,81 221,5 

140 7426,81 429,5 

150 7426,81 628,0 

160 7426,81 817,5 

170 7426,81 998,3 

180 7426,81 1170,9 
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Fig. 19 Graphic presentation of investment costs, annual energy savings and the cost of auxiliary system. 

The figure presented above shows that using of this system is unprofitable. The solar 

fraction in the best sample for the biggest solar collector area (180 m2) is 0,598, what means 

that the solar collector can provide about 60% of energy demand of the Organic Rankine Cycle. 

The rest must be provided by auxiliary system (the cheapest option was using the wood boiler). 

The most of the profits was gained because of electricity. In case of surplus it is possible to sell 

electricity to the national grid. The heat cannot be sold, so it will be wasted in the cooling tower.  

For assumed areas of collector investor cannot gain any benefits, because difference between 

savings and cost of auxiliary system and cost of maintenance is cons.  

  

3.5.3. Net present value, payback period and internal rate of return 

Below there were conducted calculation of NPV and IRR values. For the format of the 

IRR and NPV calculations took into account the annual revenues, the annual inflation rate,  the 

number of years of useful life of the solar system from Tab. 24. The values of NPV and IRR were 

calculated using formulas in Program Microsoft Excel 2013.  
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Tab. 26 Values of NPV and IRR. 

Area of solar collector, 𝒎𝟐 NPV, PLN IRR, % 

10 -174 259,8 0% 

20 -91 178,8 0% 

30 -93 184,1 0% 

40 -95 458,1 0% 

50 -97 996,6 0% 

60 -100 790,6 0% 

70 -103 835,8 0% 

80 -107 123,4 0% 

90 -110 644,5 0% 

100 -114 394,8 0% 

110 -118 369,8 0% 

120 -122 556,3 0% 

130 -126 949,9 -22% 

140 -131 550,6 -19% 

150 -136 340,9 -17% 

160 -141 320,5 -16% 

170 -146 480,9 -15% 

180 -151 813,1 -15% 

 

In the first chapter it was said that if the value of NPV is less than 0 the investment is not 

financially viable.  Investment start to show profits when the area of collector is 130 m2 and 

more but these revenues are not enough to cover cost of the investment during the period of 

the viability of the system.  The implementation of this system for the polish wheatear 

conditions is not good idea because solar system is not enough to provide all necessary energy.  

Comparing the values of solar factor in Poland in Portugal it can be noticed that for the same 

solar collector area the value of f is much bigger and provide almost the necessary energy. 
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4. CONCLUDING REMARKS 
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4. Concluding remarks 

 

The main objective of this work was conducting technical and economic analysis and 

calculation related to usage of  solar system for the needs of heating and electricity in the single 

family house in Poland.  The solution was to use two cooperating circuits- first with solar 

collector, which will provide hot water functioned as a heat source for the second system- 

Organic Rankine Cycle. For this purpose there were conducted several calculation like thermal 

load and electricity demand of the building, selection of the best refrigerant for ORC, calculation 

of solar fraction, choice of all necessary  components and economic analysis of profitability of 

usage this solution under these conditions.  

This report allows to admit that proposed solution is not suitable for Polish weather 

conditions. The value of solar fraction in the best sample, that the collector area is 180 m2, is 0,6 

what means that solar system can provide 60% of Organic Rankine Cycle heat demand. The rest 

of needs must be provided by auxiliary system (for the needs of auxiliary system the wood boiler 

was chosen, because it was the cheapest option).  The usage of this system starts to give the 

profits when the solar collector area is 130m2 and more, but the cost of investment are very 

high. Ultimately the investment is not financially viable. The calculation of economic criteria also 

showed that implementation of this investment is not economically justified.  Net present value 

is less than 0 and the internal rate of return is negative.  

However, unprofitability of usage this system in Poland does not mean that  this system is 

not good solution. It can be implement in the countries when the solar radiation is high and 

relatively balanced throughout all year.  Portugal and Spain are two of them. In the warm 

countries this system can be profitable also for the smaller areas of solar collector which 

translates into lower investment costs.  

 

If it comes about concluding remarks related to preparing this presentation on the ISEP 

Master Degree in Mechanical Engineering, under the guidance of Professor Leonardo Silva 

Ribeiro, it was really pleasure to be a student of Professor and have possibility to conduct part 

of the studies in Portugal. Portugal is really beautiful country and here there are a lot of places 

very worth to visit. Porto is one of the most beautiful city, which I have ever seen. I am totally 

impressed with the architecture, azulejos, Ribeira, food and weather of Porto and all Portugal.  

I am very happy that I could spend here one semester, achieve new experience, improve 

language skills, meet new amazing people and visit incredibly beautiful places.
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6. Appendixes 

1) Appendix 1 The log(p)- diagrams of selected refrigerants. 

2) Anexo 2 The data sheet of selected components. 

3) Anexo 3 The tables related to calculation of total and direc intensity of solar radiation. 

Spreadsheet on CD. 

4) Anexo 4 The tables related to calculation of solar fraction. Spreadsheet on CD. 

5) Anexo 5 The tables related to calculation of economic analysis. Spreadsheed on CD.  
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APPENDIX 1 

The log(p)-h diagrams of selected refrigerants 
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Fig. 20 Diagram TS for refrigerant R134a. 
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Fig. 21 Diagram TS for regrigerant R290. 
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Fig. 22 Diagram TS for refrigerant R507. 
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ANEXO 2 

Data sheets of selected components 
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Fig. 23 Data sheets of solar collector.[XVIII] 
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Fig. 24 The data sheet of wood boiler. [XVII] 

 

Fig. 25 Data sheet of power inverter. [XXI] 
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Fig. 26 Data sheet of thermoacumulator.XVI 
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Fig. 27 Data sheet of charge regulator. [XIII] 

 

Fig. 28 Data sheet of baterries. [XII] 
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Fig. 29 Data sheet of circulating pump. [XIV] 
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Fig. 30 Data sheet of turbogenerator ORC. [XI] 
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Fig. 31 Data sheet of cooling tower. [X] 
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Fig. 32 Data sheet of flow trap. [XXII] 
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ANEXO 3 

Tables related to calculation of total and direct intensity of solar 

radiation. Spreadsheet on CD. 
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ANEXO 4 

Tables related to calculation of solar fraction.  Spreadsheet on CD 
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ANEXO 5 

Tables related to calculation of economic analysis.  Spreadsheet on CD 

 

 


