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ABSTRACT 

 
 
Thermal storage has an important role to play in terms of the use of energy in houses, 
since a lot of energy can be saved. A combination of a district heating network, a solar 
collector and a heat store can be considered as an efficient heating system. Solar heat 
could allow the district heating network to be closed during summer when there is no 
space heating demand. Computational modelling of such a multipurpose heat store has 
been carried out in this thesis. A dynamic simulation model for the stratified heat store 
and solar panel is built using MatLab software. The model is based on a deterministic 
method which reacts according to the changes in the surrounding and its components. 
Meteorological data is collected from WINSUN program. However, in order to devise an 
accurate model for a heat store, deeper knowledge on certain phenomena like thermal 
stratification and natural convection is required.  
 
Simulation results for two different scenarios are presented: A cold day at high heat 
loads during winter and two days at low heat load during summer. A cloudy and a sunny 
day in June are compared in order to assess the amount of heat supplied by the solar 
panels for particular days. The results reveal that  although, the model cannot be 
simulated to act like a real heat store, it is still a valuable tool to study and analyze 
varying trends in the behaviour of the system at different configurations and serve as a 
design tool to study the effects of climatic changes and hot water withdrawals on storage 
performance. However, validation of such models is required to measure the accuracy of 
the software. 
  
 
 
Keywords: Thermal storage, Solar heat, Computational modelling, Stratification. 
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NOMENCLATURE 
 
 
( )UA   Capacity rate between heat exchangers 
V   Volume 
ρ   Density 

pc   Specific heat capacity of fluid 
N   Number of nodes 
T   Temperature 

qA   Horizontal cross sectional area of heat store 
H   Height 
ξ   Logical switches 
n   Number of nodes occupied by the component 
m&   Mass flow rate 
Q&   Transferred power 

condλ   Thermal conductivity of water 
 
 
Subscripts 
 
s  Store 
hx  Heat exchanger 
amb  Ambient 
sur  Surrounding 
p  propylene glycol (working fluid in solar circuit) 

 
 
 
Abbreviations and Acronyms 
 
  
DHW  Domestic Hot Water 
DH  District Heating 
RDP  Realistic Daily Profile 
EH  Electric Heater 
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1 INTRODUCTION 
 
 
District heating is the biggest consumer of energy in Sweden. Biomass district heating 
systems are the primary suppliers of heat in urban Sweden, while majority of rural 
households use domestic biomass boilers and electricity for heating purposes. However, 
electricity prices are speculated to rise in the near future, therefore it is of great 
significance to promote and implement biomass DH systems to the countryside. Also, 
there is a need to optimize presently operational heating networks and utilize them as 
efficiently as possible.  
 
Thermal storage has an important role to play in terms of the use of energy in houses, 
since a lot of energy can be saved. A combination of a district heating network, a solar 
collector and a heat store can be considered as an efficient heating system. However, in 
north of Sweden the price per units of energy consumed is higher when compared to 
electric heating prices. 
 
In an effort to increase the use of renewable energy sources, there are plans to build a 
solar assisted-biomass DH network in a small rural community located around 70 km 
west of Luleå in the north of Sweden. The solar heat would assist the biomass boiler 
during spring and autumn, and generate heat for hot water preparation during summer. 
Additionally, it can allow the DH to be shut down during summer to reduce the number 
of operation hours at low heat loads and cutback sufficient maintenance time, 
consequently resulting in the reduction of overall cost. [1] 
 
To efficiently optimize and to reliably design Solar assisted district heating systems with 
hot water heat stores, validated computer models for transient calculations of thermal 
behaviour in the heat stores are needed. This thesis is aimed at developing a computer 
model for such a heat storage system. The modelling and simulations of the heat store are 
done using Matlab software. The main objective is to evaluate the performance of heat 
store components and optimally utilize the solar heat which consequently reduces the use 
of electric heater.  
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1.1 BACKGROUND 
 
 
This work is an expansion of a case study conducted on Solar-assisted Small-scale 
Biomass District Heating Systems in the northern part of Sweden. [1] 
 
The idea presented in this study was to develop a district heating system for a village. A 
central boiler would be built which uses wood as a fuel and supplies heat to the houses 
through a network. In addition, solar collectors will be installed to utilize the available 
solar energy during summer. Since biomass and solar energies are the sources of energy 
in this project, it is termed as Bio-Sol project. 
 
For the projected plant, two different system solutions were considered. The first 
alternative was the centralized solar collector field which transfers heat to the network. 
The second alternative is the distributed system i.e. to install a solar collector and a heat 
store in each house. The heat store would act as a heat exchanger for the district culvert 
and be connected to the solar collectors as well.    
 
It was deduced that the distributed system had certain benefits over the centralized 
system of district heating. The comparison between the two showed that it is possible to 
decrease the heat losses by 20% if the distributed system is used, assuming that the 
network can be closed for three months during summer.  
 
The economic comparison also showed that the resulting total annual energy cost was 
lower for the distributed heating system. However, the total heating costs were noticed to 
be higher than the customers’ present cost for electric heating. Nevertheless, the system 
would reduce large heat losses during summer.  
 
 

1.2 PREVIOUS RESEARCH 
 
Several studies have been made in the field of heat storage. Druck and Hahne[2] 
presented European standards for the performance characterization of heat stores for solar 
heating systems. Dalsgard [3] analyzed heat storage in medium-size industrial systems. 
Druck and Hahne [4] developed a multiport storage model for TRNSYS (A FORTRAN 
based programming tool to simulate transient performance of thermal energy systems); 
describing the thermal behaviour of hot water storage units used in solar heating systems. 
Nielson [5] developed a model for stratified solar hot-water tanks. Druck and Paushinger 
[6] developed a multi port storage model for stratified fluid storage tank with heat 
exchangers. Hermansson and Dahl [7] investigated the phenomena affecting the degree of 
thermal stratification in short term water heat storages.    
 
Several heat store models have been developed and implemented in TRNSYS; however 
this is one of few approaches to use MATLAB as a modelling and simulation tool. 
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1.3 PROBLEM FORMULATION 
 
In the hypothesis of the Bio-Sol project [1], it was concluded that the distributed system 
for the solar collectors had more benefits over the centralized system. However, in order 
to assess the distributed system in detail, a comprehensive analysis of its components and 
their operations is required. 
 
The focus of this work is on the operations and behaviour of the heat store and solar 
collectors installed in each house. An optimization of configuration is required so as to 
save most of the energy and utilize the system to the best of its capacity. 
 
 A dynamic simulation model for the heat store and solar panel was built using MatLab as 
a tool for simulation and technical computing. The ability of this model to run on ever 
varying data and fluctuations should help in understanding the behaviour of the store 
more closely.  
 
Although experimental examinations would provide with better understanding of 
performance and behaviour of the heat store in real time, optimization of the system 
configuration becomes a complicated task. Whereas, in computational dynamic model, 
varying trends of parameters for different simulations could be observed and thus lead to 
the optimization of the system. However, validation of such models is required to assess 
the accuracy of the software.  
  
This work is aimed at providing a deeper knowledge on the behaviour of the stratified 
fluid storages when coupled with solar collectors and district heating networks 
concurrently. Moreover, it would help to present more accurate results on energy savings 
during summer, when the DHW is only supplied by the solar heat. This model would 
facilitate the proposal decisions and the design for the fabrication of the projected district 
heating network. 
 

1.3.1 Objectives 
 
The main aim of this thesis was to construct a dynamic model of a solar assisted-heat 
storage system for a house. Sub-tasks included development and evaluation of system 
components and their integration into the main model.  
 
One of the objectives was to develop an empirical method to introduce thermal 
stratification in the heat store. The solar panel circuit had to be designed such that it 
incorporates climate changes into the model.  
 
Another objective was to make it accurate enough, so that it traces and logs every minute 
fluctuations as well. The model was intended to be a versatile one, easily integrated into 
another model and subject to changes. 
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2 SYSTEM DESCRIPTION 
 
 
The system under discussion includes a solar collector panel and a heat store unit 
connected to the district heating network. When the boiler is in operation the produced 
heat is simply accumulated in the thermal storage unit, which supplies it for space heating 
and DHW purposes. The solar energy is utilized to support the district heating boiler for 
the heat supply during spring and autumn and for preparation of DHW during summer 
when the boiler is shut down. An electric heater is installed in the heat store as a back up 
heat source, if the solar panel is incapable of providing the required heating. Fig.1 shows 
the schematic of the heat store and the solar collector panel. 
 

 
Figure 1. Heat store and solar panel with all components 
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2.1 ACCUMULATOR TANK 
 
 
The accumulator tank is made from steel with a layer of insulation between the metal. 
Galvanized steel is used for the outer surface to withstand external conditions and ensure 
durability of the heat store, whereas the inner surface is made up of mild steel to resist 
corrosion. The insulation of mineral wool between the metal sheets helps in preventing 
heat loss to the surroundings. The inner tank accumulates water at a pressure slightly 
higher than that of atmosphere. 
 
The heat store to be used for the BIO-SOL project has a volume of 500 litres, which is 
adequate for an average detached house in northern Sweden. It is charged by the DH and 
the solar panel circuit, whereas the space heating and the hot tap water circuits are the 
dischargers.  
 
 
 
Table 1: parameters for accumulator tank 

Volume 500 l 
Height 1.6 m 
Radius 0.64 m 

Pressure 1.5 bar 
 
 
Various components of the heat store such as heat exchangers, auxiliary heaters, 
circulation shunts and temperature sensors are discussed below: 
 
 

2.1.1 Heat Exchangers 
 
There are four identical helical coil type heat exchangers in the accumulator tank. The 
copper coils are finned in order to increase the heat transfer surface area, thus enhancing 
the overall heat transfer coefficient for the heat exchangers. Fig. 2 shows the accumulator 
tank with all heat exchangers. 
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Figure 2. Accumulator tank and heat exchangers with all installation ports 
 
 
 
Since heat from the district heating network is the major contributor to energy supply, the 
heat exchanger connected to the culvert employs two coils of equal length so as to 
improve the heat transfer and prevent high return temperatures to the network. 
 
The heat exchanger associated with the solar collector panel is placed at the bottom of the 
tank resulting in the maximum utilization of solar energy.  
 
DHW (Domestic Hot Water) circuit consists of two heat exchangers; pre-heater and the 
hot water generator. The latter is placed at the top, whereas the pre-heater is adjacent to 
the culvert heat exchanger at the lower middle part of the tank 
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Table 2: Properties of heat exchangers 

  Culvert loop Solar loop Pre heater loop Hot water loop 

Length 2*10 m 10 m 10 m 15 m 
Ext./Int. Diameter 22/20 mm 
Fin type Circular annulus 
Fin height 3.2 mm 
Fin spacing 11 fins/inch 
Thermal Cond.  for Cu 295-365 W/m°C 

 
  
 

2.1.2 Internal Auxiliary Heater 
 
 
An internal heater is fitted at the upper middle portion of the tank as an integral part of 
the heat store. The auxiliary heater could be a gas or electrically operated one, but mostly 
electric heaters are used. The purpose of these heaters is the preparation of DHW. Since 
the district heating network is speculated to be closed during summer, the electric heater 
would be used to support the solar collector to prepare hot water for the house. It is 
triggered during cloudy days when solar collectors are unable to meet the heat demand 
for DHW preparation. Activation of these heaters is controlled by the temperature sensors 
along with a regulatory mechanism. 
 

 

2.1.3 Space Heating Shunt 
 
There are no direct discharge ports in this tank to facilitate the circulation for different 
circuits in the heat store; instead a shunt is immersed in it from the top, which maintains 
the mass flows for the space heating circuit. A shunt is made of two hollow concentric 
pipes. The outer pipe takes hot water from the upper middle part of the tank, whereas the 
inner pipe returns the cold water near the bottom of the tank. The temperature of the 
radiator circuit is controlled by a regulation valve installed outside the top of the heat 
store. The mass flows in and out of the tank remain constant.  
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2.2  SOLAR COLLECTOR PANEL 
 
The size of solar collectors depends upon the volume of the accumulator tank. For the 
discussed case, 10 m2 of collector area justifies the proper utilization of solar energy. 
Four collectors of 2.5 m2 each are connected together to form a single collector system. A 
collector plate constitutes of a copper tube attached to a black absorber aluminium strip 
with semicircular silver reflectors beneath them. This formation is repeated in parallel to 
form a plate. The collectors are then covered with a layer of Teflon film and glass. An 
antifreeze mixture of propylene glycol and water is used as the working fluid for the solar 
collector loop. Normally the mixture ratio is 50/50 in proportion, but due to very low 
temperatures in north of Sweden a mixture of 60 % propylene glycol and 40% water is 
used.  
  
A flat plate solar collector is shown in fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. A flat plate solar collector 
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A pump is required to start the circulation of the working fluid in the circuit. When the 
temperature difference of the fluid in the collector and the tank reaches 3 °C, the solar 
regulator shuts off the solar circuit circulation pump. The natural circulation will 
discontinue if the temperature difference falls below 3 °C. Since the collectors are placed 
at a distance from the heat store, there is some heat loss associated with its transmission. 
The average distance of the solar collectors from the accumulator is set to 10 m. 
Therefore, it is assumed that there would be a loss of 5 °C in temperature of the mixture 
till it reaches the heat store.  
 
 
Table 3 Solar panel data 
Total volume 7 l 
Mass flow per m2 0.5-0.8 l/min 
Tube diameter 15 mm 
Tube material  copper 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 

Figure 4.  Solar Collector connected to heat store 
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3 MODELLING & SIMULATION  
 
   

3.1 METHODOLOGY 
 
 
Simulation models are mathematically represented models of a given heat storage system 
and compute the heat load for a given time interval. A dynamic simulation model is 
applied as this method can handle changing surroundings to the heat store by computing 
the characteristics for the system in very short time intervals.  
 
In the present case, the model essential for the estimation of heat loads is based on 
ordinary differential equations. These discrete equations are solved as matrices by 
applying them in transient methodology, which leads to a set of equations dependant on 
dimension and time. The fact that the model is solved by dynamic simulations, where the 
load is calculated in very short periods: in time steps of minutes, makes it a deterministic 
model. 
  
 
 

3.2 UNIVERSAL STORAGE MODEL 
 
The basic model constitutes a set of components, which are interconnected in such a 
manner to accomplish a specified task. Since the system consists of various modules, the 
performance of the heat store is simulated by collectively computing the performance of 
the interconnected components. Normally heat exchangers, a hydraulic connection and 
conventional electric heaters define the main components of a heat store. In the current 
case, four heat exchangers along with a double port and electric heater is employed in the 
model. Fig. 5 shows the schematic of the basic model 
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Figure 5. Schematic of a heat store model 
 
 
In this model the store volume has the shape of a vertical cylinder. The thermal 
capacitance of the water filled energy storage, subject to thermal stratification1, is 
modelled by assuming that tank consists of maxN  equal, completely mixed horizontal 
volume segments (nodes). The temperatures in the store are stratified vertically. There is 
a vertical one-dimensional convective heat transfer process. The hydraulic connection 
between the store and the system is modelled by flow pair (double port) consisting of an 
inlet and an outlet. 

                                                 
1 Defined and explained in chapter 3.3.1 
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The store volume and the components are defined by storing the data in an array of 
( 3max ×N ) as shown in the fig. 6. The nodes ( i ) are represented vertically from bottom 
to top of the tank reaching maxN , whereas the columns ( j ) progress horizontally from left 
to right. The first column ( 1=j ) includes the data of heat exchangers on the left side of 
the tank, the second ( 2=j ) the data of the store and the last one ( 3=j ) the data of the 
heat exchangers on the right side of the tank. 
 
 

 
Figure 6. Theoretical type of heat store model 

 
Since it is assumed that every node has uniform temperature horizontally, the heat 
exchangers in column 2=j  are considered to be either in 1=j  or 3 
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3.2.1 Energy Balance for heat store 
 
 
If it is assumed that the value of overall heat transfer coefficient (U) is constant during a 
small time-step, the successive values of the water-tank temperature can be evaluated by 
construction of a relatively simple expression. The energy balance for each node ( i ) of 
the store ( 2=j ) is represented by:  

( ) ( )[ ]∑ +− −+−⋅⋅⋅=
∂
∂
⋅

⋅⋅ n

p
iiiispdp

iSPSS TTTTcm
t

T
N

cV
2,12,22,2,11,

2,

max

, ξξ
ρ

&     

                                     

                              
( ) ( )2,,

,
3 iji

j

shj TT
nhx

UA
−⋅⋅+ ξ ( ) ( )[ ]2,2,12,2,1max iiii

s

q
con TTTTN

H
A

−+−⋅⋅⋅+ −+λ  

 

                               ( ) ( )suri
loss TT

N
UA

−⋅− 2,
max

                                    … Equation (1) 

 
 
 
 
With the logical switches: 
 

11 =ξ  if 0〉dpm& , else 01 =ξ  
12 =ξ  if 0〈dpm& , else 02 =ξ  
13 =ξ  if the storage node ( i ) is in contact with the node ( i ) of the corresponding heat 

exchanger, else 03 =ξ  
 
The left hand side of the equation indicates the change in internal energy of the 
considered volume segment. The first term on the right hand side describes the heat 
transfer due to fluid transport through the store. The heat transfer between the heat 
exchanger nodes and a store node is described with the second term. The third and fourth 
terms represent the conductivity between the store layers and the heat loss to the 
surrounding respectively. 
 
The total mass flow in and out of the system is assumed to be constant, hence balanced. 
[6] 



 21

 

3.2.2 Energy Balance for Heat Exchangers 
 
The energy balance of the heat exchangers is given by: 
 

=
∂
∂
⋅

⋅⋅
t

T
nhx

cV jihxphxhx ,,ρ ( )jijihxp TTcm ,,1,4 −⋅⋅⋅ −&ξ ( )jijihxphx TTcm ,1,,5 +−⋅⋅⋅+ &ξ  

 

           
( )

)( ,2,
,

jii
shx TT

nhx
UA

−⋅+                                                 … Equation (2) 

 
With: 
 14 =ξ if 0〉hxm&  , else 04 =ξ  
 15 =ξ if 0〈hxm&  , else 05 =ξ  
 
For ( j ), the nodes ( )1+i or ( )1−i  contain no heat exchanger nodes, the temperatures  

jiT ,1+  and jiT ,1−  represent the inlet and outlet temperature of the heat exchangers. 
 
 
 

3.2.3 Overall Heat Transfer Coefficient 
 
 
The overall heat transfer coefficient for the heat exchangers can be calculated by the 
equations: 
 
 

LMTDS TUAq Δ⋅=  
 

( )inoutp TTCmq −= &  
 
Where, the log-mean-temperature difference LMTDTΔ is: 
 

⎟
⎠
⎞⎜

⎝
⎛

Δ
Δ

Δ−Δ
=Δ

in

out

inout
LMTD

T
T

TTT
ln

 

 
 
The tests conducted by the heat store manufacturers are shown in the following table: 
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Table 4 experimental data for heat transfer in coils 

Tank Temp [°C] Tube length [m] Mass flow [l/m] Temp in [°C] Temp out 
[°C] 

10 12 42 
11.5 12 45 
15 20 42 

16.5 20 45 
19 12 50 
20 12 50 
25 20 48 

50 

27 20 

10 

50 
 

3.3 BIO-SOL MODEL 
 
Since the system uses a combination of district heat supply and solar collectors for 
charging the store, two heat exchangers are employed in the model as the energy 
suppliers. The DHW loop utilizes two heat exchangers for the hot water preparation, 
making it two for the discharge as well. The model is constructed with four heat 
exchangers and a space heating sub model. Meteorological data is collected from 
WINSUN software. Based on the input data and load profiles, performance calculations 
of the system components and identification of significant parameters are accomplished. 
The storage tank is computed simultaneously and the data is exchanged between the 
components and the tank at every time-step. Fig. 7 shows the flow chart of the model 
including the main components of the system. 
 

 
Figure 7. Flow chart of Bio-Sol model 
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3.3.1 Storage volume  
 
     
The accumulator tank is divided into 32=i number of equally distributed nodes, which 
are assumed to have fully mixed horizontal sections. The temperature at any point in the 
node is considered to be same for a specific time-step. The energy balance equation for 
the store is derived from the equation (1); implying that the rise in the internal energy of 
water in the tank is equal to the sum of energies transferred to and from all the 
components of the system. 
 

lossheatingspaceDHWpreheaterheaterelectricheatersolarheaterdistrict QQQhxQhxQQhxQhx −−−−++=Δ ____ϕ
 
 
When solving for the temperatures of each node, it is observed that the conduction 
between the water layers in the store is almost negligible. However, the main problem 
lies in the difficulty of characterizing the convection mechanism in the water tank over 
the external surface of the coils and assigning reasonable values to the corresponding heat 
transfer coefficients. This makes it nearly impossible to run any theoretical or numerical 
analysis on the natural convection flow pattern to achieve thermal stratification in the 
storage tank. Thermal stratification may be defined as: 
 

‘A phenomenon in which a warmer, less dense layer of a fluid overlies a denser 
colder layer, resulting in increased temperature along the height’ 

 
Limited knowledge of natural convection and mixing phenomena in the storage makes it 
hard to devise a formulated method for such kind of thermal stratification. Due to 
insufficient theoretical insight into the behaviour of water, an empirical approach was 
followed to attain stratification in the tank. 
 

3.3.2 District heating circuit 
 
The heat store is supposed to be connected to the district heating network excluding the 
three months of summer, when there is no demand for space heating in the region. The 
district boiler supplies hot water at a constant flow rate but varying temperatures. Since 
ambient conditions are changing all the time, the temperature of the boiler is set 
according to the outside temperature. Apparently, the heat demand is dependant on the 
ambient temperature. The boiler runs at peak loads during January when the heat demand 
is highest.  
 
 
Fig. 8 shows the district network supply temperatures to the corresponding ambient 
temperatures. 
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Figure 8. Dependence of District heating temperature on ambient temperature 
 
 
 The model is formulated to react to the changes in ambient temperature and vary the 
temperature of the network in accordance with it. An annual database of hourly ambient 
temperatures is prepared, which is the source of input data handling for the model.   
 
The heat store is connected to the network by a control valve, which regulates the flow 
when maximum temperatures in the store are achieved. The mass flow rate is assumed to 
be 12 l/min. The energy equation for the heat exchanger is derived from equation (2) 
 

3.3.3 DHW circuit 
 
The DHW circuit consists of two heat exchangers; the pre-heater and the hot tap water 
heat exchanger. Since all the heat exchangers are of the same type, the model uses the 
same set of equations to determine the heat transfers and the outlet temperatures. 
However, the mass flows depend upon regional conditions.  
 
The commonly used DHW temperatures are around 50 to 60 °C. In order to eliminate 
harmful bacteria (legionella) forming in hot water storage systems, the temperatures are 
set to be high. In this case, the temperature of DHW is assumed to be 60 °C. Also the 
temperature of cold water varies from 5 to 15 °C, depending upon the time of year and 
location. The temperature is assumed to be 10 °C, implying an energy demand to raise 
the temperature by ΔT = 50 °C. 
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According to [8], a standard household comprises a four room apartment and is occupied 
by 4 persons. Therefore, the average daily hot-water consumption of a standard 
household necessitates the expenditure of around 12 kWh which corresponds to 200 l of 
water being heated daily.  
 
For assessment purposes, daily test profiles were proposed by [8], based on the same 
duration and flow rates of thermal loads. In the current model, the Realistic Daily Profile 
(RDP2) was used with some modifications. Fig. 9 shows occurrences of draw-offs during 
a day. 
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Figure 9.  Daily draw-off data for an average house 

 
The mass flow rate is scaled to give a total daily domestic hot-water consumption of 200 
litres, which leads to a very high auxiliary set temperature for the store.  A constant flow 
rate is assumed for the simulations. 
 
Complete occurrences of draw-offs for RDP are in appendix II. 
 

3.3.4 Solar Panel Loop 
 
The energy supplied to the heat store by the solar panel is totally dependant on solar 
irradiation. Climate data are required to determine the energy collected by the solar panel. 
In the current case, the data were obtained by a weather simulation program.  
 
WINSUN software was used to obtain solar insolation and collector output data. This 
software is a TRNSYS based simulation tool, which generates output on hourly basis. 
Simulations were performed for Luleå city, nearest to the projected site. However, the 
deviation in the result is negligible and thus ignored. 



 26

 The collector tilt from the horizontal ground plane was set to 45 ° and south facing 
(azimuth angle 0 °). The ground reflectance was set to 0.9 for winter and 0.3 for non-
snow season. Average operating temperature was selected to be variable over a year. 
Simulated monthly energy outputs from solar collector are shown in fig. 10    
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Figure 10. Average solar energy for flat plate collector over a normal year in Luleå 

 
 
Average annual collector energy output for flat plate collectors is calculated to be 314 
kWh/m2a. An hourly database of collector outputs in W/m2 is built for a complete year, 
which is then incorporated in the Matlab model. 
 
The primary circuit of the antifreeze working fluid requires a threshold collector output to 
transfer useful heat to the water tank. The mass flow in the solar panel loop remains 
constant, and hence the heat transfer coefficient remains independent of the flow 
variations. Since it is assumed that there would be a loss of 5 °C in temperature of the 
mixture till it reaches the heat store, this heat loss from the collector panels to the heat 
storage is neglected  
  
The specific heat capacity and density of the working fluid in the primary circuit are 
evaluated by the arithmetic mean of water and propylene glycol: 
 
 ( )4.041806.04.2507, ⋅+⋅=ppc   
 3176, =ppc  J/Kg K 
 ( )4.0988.06.004.1, ⋅+⋅=ppρ  
 02.1, =ppρ  Kg/m3  
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The primary circuit contains 7 litres of fluid in it with a mass flow of 0.65 l/min per m2. 
The temperature of the antifreeze is calculated by: 
 
 ( )inoutpp TTcmQ −⋅= ,&                                                                       … Equation (3) 
 

3.3.5 Space heating  
 
The sub-routine for the space heating circuit is modelled dynamically as the demand 
varies with ambient temperature. The heat demand for a particular time is evaluated by 
assuming the maximum heat demand to be 7 kW for a cold day when CTamb °−= 30   
 
 ( )ambroomsh TTConsttQ −⋅=&             … Equation (4) 
 
Where, CTroom °= 20  
 
 14.0=Constt   kW/ K 
 
The heat demand for the corresponding ambient temperature is then calculated by the 
equation (4) 
 
The hot water leaves the tank at a height where the temperature is equal to or higher than 
65 °C and returns at a lower node with a temperature of 45 °C. Due to the fact that the 
mixing mechanism is not fully understood, it is assumed that if the store is thermally 
stratified by a double port, return water enters the store in that node, where the 
temperature is equal to the temperature of the incoming water. This effect can be 
physically explained by the fact, that cold water has a higher density than the hot water. 
So, if the storage temperature at the inlet is higher than the return water temperature, in 
reality it is possible that the incoming water will sink down till it reaches a segment with 
the same temperature. However, fixed nodes for inlet and outlet ports are assigned in the 
software. 
 
 

3.3.6 Flow Control & System Regulation 
 
In actual practice, the heat store is regulated by a digital system consisting of various 
valves and temperature sensors. In this model, the flow is controlled by introducing 
different sets of regulatory conditions, when the system reaches a certain situation. For 
instance, when the ‘dead band temperature’ or auxiliary temperature is reached in the 
store, the flow from the district heating network is relayed. In summer, when the electric 
heater is the main supplier of energy for DHW, it is tripped when the required condition 
is reached. The annual databases for the solar collector output and ambient temperature 
enable the model to switch among the months and variable parameters depending on the 
input conditions of the programmer.  
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4 RESULTS  
 
 
In order to demonstrate behaviour of the heat store and its components, the simulations 
were carried out for days instead of a complete month. Results of some prominent days 
will be discussed in this section.  
 
Three days in the months of January and June were selected to be simulated. As January 
is the coldest month of the year, the heat store was analyzed to observe its behaviour on 
high heat demand. On the other hand, the month of June is the warmest one with high 
solar irradiation. Simulations for two different days of June were carried out to analyze 
the heat store behaviour when it is only connected to the solar panel. A sunny and a 
cloudy day were selected for comparison.   
 
 

4.1 HIGH HEAT DEMAND 
 
During winter, at high heat demand, district heating culvert is the main supplier of energy 
for the heat store. Since there is no solar insolation in January, the solar collectors are 
unable to contribute during this month.  
 
To observe the response of the heat store at varying climatic conditions, a day with high 
fluctuations in ambient temperature was selected for simulation. Fig. 11 shows the 
ambient temperatures for January. 
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Figure 11. Ambient temperature for January 
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From WINSUN simulations, it was observed that 7th of January had very low 
temperatures as well as variations over the day. Simulations for the particular day were 
carried out to analyze system behaviour. 
 
The dependency of space heating demand on ambient temperature results in high flow 
rates through the radiator circuit. As the ambient temperature increases from -25 to -16, 
flow of water in the radiator circuit tends to decrease. Fig. 12 shows varying flow rate in 
radiator circuit over the day. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Flow rate in radiator circuit for 7th of January 
 
The dead band temperature was set to 70 °C. Flow in the culvert heat exchanger was 
regulated to discontinue, when this temperature was reached. The heat store is thermally 
stratified and stabilizes after a certain period. Fig.13 shows the temperatures at each node 
of the heat store over a complete day. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Temperatures inside the stratified heat store 
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It is important to analyze the behaviour of the system at different states when there is a 
change in the surrounding or in any component of the system. Since DHW draw-offs 
were predetermined, the heat store performance is evaluated at an instance when there is 
a longest draw-off of DHW. The withdrawal occurs at a flow rate of 8 l/min over a period 
of 5 minutes. 
  
Fig.14 shows the flow rate of draw-off and variations in temperatures of the 
corresponding components. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. (a) Flow rate in DHW circuit. (b) Temperatures in Pre-heater. (c) Temperatures in DHW coil.  
(d) Temperatures in DH coil. 
 
 
It can be seen in the above figure that, when the flow in the DHW coil starts, the 
temperatures decrease to the inlet temperature of the pre-heater coil. The exit temperature 
from the pre-heater is 65 °C. The temperatures in the hot-water coil are observed to be 
constant and DHW exit temperature is almost equal to that of the heat store.  
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The difference in pre-heater exit and hot-water coil inlet temperature is not noticeable. 
This is due to the fact that the temperature increase in the hot-water coil occurs at the 
inlet of the heat exchanger. The district heating flow resumes, when the heat store 
temperature reduces below 70 °C. 
 
 
As mentioned earlier, theoretical DHW demand is 11.6 kWh. Since a constant mass flow 
was assumed, the simulation results show that energy extracted by the heat exchangers is 
14.2 kWh. The theoretical heat demand profile was devised in order to raise the 
temperature of water by 50 °C, whereas, the simulations show that the DHW is heated up 
by 60 °C, resulting in extra energy transfer. Furthermore, it is noticed that energy 
transferred to the hot-water coil is only 1.1 kWh, which implies that around 90 % of the 
DHW demand is met by the pre-heater. Reason being that both the heat exchangers are 
considered to be in a fully mixed zone. The space heating demand is calculated to be 138 
kWh per day and heat loss to the surrounding is around 1 kWh. 
 
 

4.2 LOW HEAT DEMAND 
 
During summer, since there is no demand for space heating, the overall heat load is 
reduced to the preparation of DHW only. The district heating network is supposed to be 
shut down during these months and the solar energy is used for DHW. The auxiliary 
electric heater is used as a backup when the solar collectors are unable to meet the heat 
demand or if there is no solar irradiation that day. 
 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Solar Collector Output for June 
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Two days of June were selected for simulations. According to WINSUN simulations, 
solar irradiation is high on 15th of June and very low on 10th of June which can be 
considered a cloudy day. Fig.15 shows solar collector output for the month of June. 
 
The performance evaluation for both of the days was done by analyzing the behaviour of 
the store components on a long DHW draw-off. The second withdrawal occurs at a flow 
rate of 8 l/min over a period of 6 minutes. Fig. 16 shows flow rate of hot-water in the 
DHW circuit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Flow rate for draw-off at evening 
 
 
 
 
From the results in Fig.17, it is observed that on a day with high solar irradiation, the 
temperature of the store at the time of withdrawal is 72 °C. The temperatures in the pre-
heater coil increase to 64 °C during draw-off. The temperature of hot-water is almost 
equal to the temperature of the store at the exit. Since, all the energy is supplied by the 
solar panel heat exchanger from the bottom of the tank, the temperatures are uniform 
along the height of the tank.  
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It is observed that the reaction time of the system and system components is very fast.  
 
 
 
 
Figure 17.  (a)  Pre-heater and DHW coil temperatures for sunny day. (b) Pre-heater and DHW coil 
temperatures for cloudy day 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Activation of electric heater, when auxiliary temperature is reached on a cloudy day. 

 
 
 
 
 
 
 
 
 
 
 
            Below: Simulation results for a cloudy day with low insolation   
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In contrast to the results above, the temperature profile for a cloudy day is very low. The 
solar heating coil raises the temperature of water in the store to 36 °C. Electric heater is 
switched on to reach the dead band temperature at the top of the tank. The auxiliary 
temperature was set to be 70 °C in this case. During draw-off, water in the pre-heater coil 
is heated up to 32 °C only. The temperature at the exit of the heat store was 67 °C. In the 
duration of withdrawal, the electric heater was triggered to maintain the auxiliary 
temperature at the top of the accumulator tank. 
 
The energy transferred by the solar collectors for the sunny day was calculated to be 36.6 
kWh as compared to 5.1 kWh of energy transfer on the cloudy day. DHW energy on 27th 
of June was found to be 14 kWh. Whereas, the energy transfers on 10th of June was 13.8 
kWh. The pre-heater contribution for DHW preparation was 80% of the total for the 
sunny day. On the other hand, the pre-heater extracted 40 % of the total DHW demand 
for the cloudy day. Maximum temperatures in the store were calculated to be 81 °C and 
45 °C. Heat losses for both cases were found to be 1.35 and 0.59 kWh respectively. 
 
At the start of the simulation i.e. at zero hours, in view of the fact that there is no 
insolation, the heat store is charged by the electric heater. However, the actual system 
requires one-time charging only.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Solar collector output for sunny and cloudy day 
 
 
For 27th of June, the heat demand is met by the solar collector energy, which was found 
to be 36.6 kWh. Whereas, on 10th of June, the energy transferred to the system were 5.1 
kWh by solar collectors and 10kWh by the electric heater after charging. Thus, for the 
cloudy day, the solar panel contribution for DHW preparation was found to be 33% of the 
total energy. Since the simulations were carried out for a day, energy stored of the 
preceding days is not accounted for. For this reason, higher contribution of the electric 
heater might be observed in the simulation results.   
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4.3 DISCUSSION 
 
 
From the results of the simulations, it is noticed that unlike real heat storage systems, the 
systems’ reaction to the changing surrounding is very fast and abrupt in this model. The 
temperature distributions become very rapid. This is due to the fact that an empirical 
method was employed to demonstrate thermal stratification in the heat store.  
 
It becomes nearly impossible to devise an accurate model without adequate knowledge of 
fluid behaviour inside the heat store. An empirical method had to be adopted in order to 
describe heat transfers in the tank and explain thermal stratification in the model. Heat 
transfers are very slow in conduction, so it was assumed that the temperatures above the 
node with maximum temperature are distributed equally. In order to calculate accurate 
temperatures, the simulations are carried out using short time-steps. After every time-
step, the system distributes the temperatures and tends to stabilize itself, resulting in rapid 
heat and energy transfers.  
 
Furthermore, due to lack of detailed information on natural convection in the store, the 
behaviour of boundary layers near the heat exchanger coils was unknown. Nevertheless, 
explanation of such complex processes is out of scope of the project. The model is based 
on a deterministic method which reacts according to the changes in the surrounding and 
its components. However, the model is delimited to immersed heat exchangers only, 
which makes it conducive for the majority of commercial heat stores available in the 
market today. 
 
 
Since DHW preparation is one of the vital operation of the heat storage tank, accuracy of 
the model becomes that of great significance. Normally, hot water draw-offs are of very 
short durations and variable flows. The system has to be accurate and swift in order to 
correspond to the variations. The simulations are needed to run on small time-steps e.g. 
one minute, in order to record and evaluate system and component parameters. 
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5 CONCLUSIONS  
 
Dynamic models based on deterministic and mathematical descriptions prove their 
strengths to give an insight into heat and load modelling. In order to devise an accurate 
model for a heat store, deeper knowledge of integrating certain phenomena (thermal 
stratification and natural convection) into this model is required. 
 
The basic model can be implemented on heat stores of all sizes and a variety of 
components. MatLab based dynamic model for Bio-Sol project has the ability to run on 
varying outdoor conditions. The design of the model is such that it can be easily 
integrated into other models. 
 
The logical programming of empirical method to demonstrate stratification and natural 
convection in the model resulted in reduction in accuracy of the system. Although, the 
model cannot be simulated to act like a real heat store, still it is a valuable tool to study 
and analyze varying trends in the behaviour of the system at different configurations. 
 
This model would facilitate the proposal decisions and the design for the fabrication of 
the projected district heating network. 
 
The model will serve as a design tool to study the effects of climatic changes and hot 
water withdrawals on storage performance, finally leading to an optimized storage 
configuration. 
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6 FUTURE WORK & RECOMMENDATIONS 
 
 
Although, the developed dynamic model gives a detailed insight into the heat stores’ 
behaviour, certain measures are needed in order to improve it. The programming 
structure has to be revised and debugging is required to make it an efficient simulation 
tool. 
 
The model itself can be improved. Since the configuration of components in the store can 
be changed, it would be interesting to try different combinations and placements of the 
components. 
 
Experimental measurements would certainly help in understanding the deviations and 
errors in the model and hence validate it. 
 
Since, the phenomenon of natural convection is very important for performance 
evaluation of the heat store, development of an algorithm for its explanation in the model 
is needed.   
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APPENDIX I  
 

HEAT STORE MODEL 
 

% All the functions are integrated into this model and solved simultaneously. Each 
%sub-model script is defined separately following the main model. 
 
clc 
clear all 
format 
%------------------------Introduction to the program------------------------------% 
% User is prompted to choose the month and day for simulation 
 
disp('Welcome to the DHS simulation tool'); 
month = input('Please enter the month: ','s'); 
days = input('Please enter day for simulation\nor enter (0) for complete month: '); 
 
tic 
month 
days 
%------------------------------database loading-----------------------------------% 
 
% loads the solar collector output and ambient temperatures for the 
% selected month 
 
switch (month) 
    case {'january'} 
    Load = xlsread ('database.xls', 'B5:Y35'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B8:Y38'); 
    case {'february'} 
    Load = xlsread ('database.xls', 'B43:Y70'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B46:Y73'); 
    case {'march'} 
    Load = xlsread ('database.xls', 'B79:Y109'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B82:Y112'); 
    case {'april'} 
    Load = xlsread ('database.xls', 'B118:Y147'); 
     Load2 = xlsread ('Ambient_temperature.xls', 'B121:Y150'); 
    case {'may'} 
    Load = xlsread ('database.xls', 'B155:Y185'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B158:Y188'); 
    case {'june'} 
    Load = xlsread ('database.xls', 'B193:Y222'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B196:Y225'); 
    case {'july'} 
    Load = xlsread ('database.xls', 'B231:Y261'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B234:Y264'); 
    case {'august'} 
    Load = xlsread ('database.xls', 'B270:Y300'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B273:Y303'); 
    case {'september'} 
    Load = xlsread ('database.xls', 'B308:Y337'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B311:Y340'); 
    case {'october'} 
    Load = xlsread ('database.xls', 'B346:Y376'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B349:Y379'); 
    case {'november'} 
    Load = xlsread ('database.xls', 'B385:Y414'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B388:Y417'); 
    case {'december'} 
    Load = xlsread ('database.xls', 'B423:Y453'); 
    Load2 = xlsread ('Ambient_temperature.xls', 'B426:Y456'); 
    otherwise 
        disp(' error! check the spellings again. Also make sure that u havent used 
any CAPS') 
 
end 
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%--------------------------UA for all Heat Exchangers-----------------------------% 
UAdh = 2*1345; 
UAsp = 1345; 
UAph = 1345; 
UAhw = 2245; 
UAtl = 1; 
%------------------------nodes occupied by Heat exchangers------------------------% 
ndh = 8; 
nsp = 3; 
nph = 8; 
nhw = 5; 
neh = 2; 
ntl = 32; 
%-------------------------------Conduction constt---------------------------------% 
for i = 1:32 
    cond = 0.628; 
    Ac = pi*0.32^2; 
    Nmax = 32; 
    Hs = 1.6; 
    Qcond(i) = cond*Ac*Nmax/Hs; 
end 
%--------------------------------Initial values-----------------------------------% 
 
Tpre = 298*ones(32,1); 
YM(31,:) = 25; 
 
Minutes = [1:1440]'; 
 
L2 = 1; mdn = 0.2; 
Ls = 1; mdn2 = 0.1; 
Lp = 1; 
dt = 60; 
Vol = ((0.64^2)/4)*pi*1.6; 
Tin2=295; 
mdd =0; 
mfr = 0.05; 
Tr = 25+273; 
 
% --------------------------Start of loop for time steps--------------------------% 
 
for loop = 1:(length(Minutes(:,1))); 
 
             %---------Dens & Cp dependance on temperature------------% 
    for row = 1:32 
        if  (Tpre(row)>=271 & 274>=Tpre(row)) 
            Dens(row,:)=1000; Cp(row,:)=4217; 
        elseif (Tpre(row)>=275 & 279>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4211; 
        elseif (Tpre(row)>=280 & 284>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4198; 
        elseif (Tpre(row)>=285 & 289>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4189; 
        elseif (Tpre(row)>=290 & 294>=Tpre(row)) 
        Dens(row,:)=999; Cp(row,:)=4184; 
        elseif (Tpre(row)>=295 & 299>=Tpre(row)) 
        Dens(row,:)=998; Cp(row,:)=4181; 
        elseif (Tpre(row)>=300 & 304>=Tpre(row)) 
        Dens(row,:)=997; Cp(row,:)=4179; 
        elseif (Tpre(row)>=310 & 314>=Tpre(row)) 
        Dens(row,:)=993; Cp(row,:)=4178; 
        elseif (Tpre(row)>=315 & 319>=Tpre(row)) 
        Dens(row,:)=991; Cp(row,:)=4179; 
        elseif (Tpre(row)>=320 & 324>=Tpre(row)) 
        Dens(row,:)=989; Cp(row,:)=4180; 
        elseif (Tpre(row)>=325 & 329>=Tpre(row)) 
        Dens(row,:)=987; Cp(row,:)=4182; 
        elseif (Tpre(row)>=330 & 334>=Tpre(row)) 



 41

        Dens(row,:)=984; Cp(row,:)=4184; 
        elseif (Tpre(row)>=335 & 339>=Tpre(row)) 
        Dens(row,:)=982; Cp(row,:)=4186; 
        elseif (Tpre(row)>=340 & 344>=Tpre(row)) 
        Dens(row,:)=980; Cp(row,:)=4188; 
        elseif (Tpre(row)>=345 & 349>=Tpre(row)) 
        Dens(row,:)=977; Cp(row,:)=4191; 
        elseif (Tpre(row)>=350 & 354>=Tpre(row)) 
        Dens(row,:)=974; Cp(row,:)=4195; 
        elseif (Tpre(row)>=355 & 359>=Tpre(row)) 
        Dens(row,:)=971; Cp(row,:)=4199; 
        elseif (Tpre(row)>=360 & 364>=Tpre(row)) 
        Dens(row,:)=967; Cp(row,:)=4203; 
        elseif (Tpre(row)>=365 & 369>=Tpre(row)) 
        Dens(row,:)=963.4; Cp(row,:)=4209; 
        elseif (Tpre(row)>=370 & 373>=Tpre(row)) 
        Dens(row,:)=960; Cp(row,:)=4214; 
        else 
        Dens(row,:)=992; Cp(row,:)=4184; 
        end 
    end 
 
    Dens; 
    Cp; 
 
%----------------------------Solar Panel constt-----------------------------------% 
 
if Tin2(loop,1) <=298 

    Ls = 0; mdn2 = 0.1; 
     for i = 1:32 
         S2 = 0; 
         Qsp(i) = S2*UAsp/nsp; 
     end 
else 

    Ls = 1; mdn2 = 0.1; 
    for i = 1 
        S2 = 0; 
        Qsp(i) = S2*UAsp/nsp; 
    end 
    for i = 2:4 
        S2 = 1; 
        Qsp(i) = S2*UAsp/nsp; 
    end 
    for i = 5:32 
        S2 = 0; 
        Qsp(i) = S2*UAsp/nsp; 
    end 
end 
 
%----------------------Pre Heater & Hot Water constt------------------------------% 
 
if mdd(loop) == 0 
    Lp = 0; 
    for i = 1:32 
        S3 = 0; 
        Qph(i) = S3*UAph/nph; 
    end 
 
    for i = 1:32 
        S4 = 0; 
        Qhw(i) = S4*UAhw/nhw; 
    end 
else 
    Lp = 1; 
    for i = 1:8 
        S3 = 0; 
        Qph(i) = S3*UAph/nph; 
    end 
    for i = 9:16 
        S3 = 1; 
        Qph(i) = S3*UAph/nph; 
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    end 
    for i = 17:32 
        S3 = 0; 
        Qph(i) = S3*UAph/nph; 
    end 
 
    for i = 1:26 
        S4 = 0; 
        Qhw(i) = S4*UAhw/nhw; 
    end 
    for i = 27:31 
        S4 = 1; 
        Qhw(i) = S4*UAhw/nhw; 
    end 
    for i = 32 
        S4 = 0; 
        Qhw(i) = S4*UAhw/nhw; 
    end 
end 
 
%-----------------------Heat loss to surrounding constt---------------------------% 
 
for i = 1:32 
    S5 = 1; 
    Qtl(i) = S5*UAtl/ntl; 
End 
 
%------------------------Calculates Radiator mass flow----------------------------% 
    
    switch ( month ) 
        case {'june'} 
        [Tamb] = muf_function(Load2, days); 
        for i = 1:32 
            mfr = zeros(1440,1); S7 = 0; 
            muf = mfr; 
            Quf(i) = S7*muf(i,:)*Cp(i,:); 
        end 
        otherwise 
            [Tamb, mfr] = muf_function(Load2, days); 
            muf = mfr; 
            for i = 1:8 
                S7 = 0; 
                Quf(i) = S7*muf(loop,1)*Cp(i,:); 
            end 
            for i = 9:21 
                S7 = 1; 
                Quf(i) = S7*muf(loop,1)*Cp(i,:); 
            end 
            for i =22:32 
                S7 = 0; 
                Quf(i) = S7*muf(loop,1)*Cp(i,:); 
            end 
    end 
 
%---------------------------Electric Heater activation----------------------------% 
    
 switch ( month ) 
        case {'june'} 
            L2 = 0; mdn = 0; 
            for i = 1:22 
                S6 = 0; 
                EH = 6000; 
                Qeh(i) = S6*EH/neh; 
            end 
            for i = 23:24 
                S6 = 1; 
                EH = 6000; 
                Qeh(i) = S6*EH/neh; 
            end 
            for i = 25:32 
                S6 = 0; 
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                EH = 6000; 
                Qeh(i) = S6*EH/neh; 
            end 
 
%---------------District heating constt-------------------% 
            for i = 1:32 
                S1 = 0; 
                Qdh(i) = S1*UAdh/ndh; 
            end 
            %-------max temp----------- 
            if (Tpre(31,:) >= 70+273); 
                for i = 1:32 
                    S6 = 0; 
                    Qeh(i) = S6*EH/neh; 
                end 
            else 
                for i = 1:22 
                    S6 = 0; 
                    Qeh(i) = S6*EH/neh; 
                end 
                for i = 23:24 
                    S6 = 1; 
                    Qeh(i) = S6*EH/neh; 
                end 
                for i = 25:32 
                    S6 = 0; 
                    Qeh(i) = S6*EH/neh; 
                end 
            end 
        otherwise 
            L2 = 1; mdn = 0.2; 
            for i = 1:32 
                S6 = 0; 
                EH = 6000; 
                Qeh(i) = S6*EH/neh; 
            end 
            for i = 1:7 
                S1 = 0; 
                Qdh(i) = S1*UAdh/ndh; 
            end 
            for i = 8:15 
                S1 = 1; 
                Qdh(i) = S1*UAdh/ndh; 
            end 
            for i = 16:32 
                S1 = 0; 
                Qdh(i) = S1*UAdh/ndh; 
            end 
            if (Tpre(31,:) >= 70+273); 
                L2 = 0; mdn = 0; 
                for i = 1:32 
                    S1 = 0; 
                    Qdh(i) = S1*UAdh/ndh; 
                end 
            else 
                L2 = 1; mdn = 0.2; 
                for i = 1:7 
                    S1 = 0; 
                    Qdh(i) = S1*UAdh/ndh; 
                end 
                for i = 8:15 
                    S1 = 1; 
                    Qdh(i) = S1*UAdh/ndh; 
                end 
                for i = 16:32 
                    S1 = 0; 
                    Qdh(i) = S1*UAdh/ndh; 
                end 
            end 
    end 
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%-----------------------------differential constt---------------------------------% 
    for row = 1:32 
        Diff(row) = dt*Nmax/(Vol*Dens(row,:)*Cp(row,:)); 
        ADiff(row) = (Vol*Dens(row,:)*Cp(row,:))/(Nmax*dt); 
    end 
 
    Diff; 
    ADiff; 
%-----------------------store temperatures in xchanger nodes----------------------% 
    Tpres  = Tpre(8:15,:); 
    Tpres2 = Tpre(2:4,:); 
    Tpres3 = Tpre(9:16,:); 
    Tpres4 = Tpre(27:31,:); 
 
%------------------------Functions of Culvert heat exchanger----------------------% 
     [MatTx, Tin, Tout1,Tnet,Toutx1, mup,results1,resultsx1,Cp1] = 
DH_circuit_function(Tpres, Minutes, Tamb,L2,mdn); 
     Tout1; 
%-------------------------Functions of solar heat exchanger-----------------------% 
      [MatTx2, Tin2,Tin2c,Tout2, Toutx2,Qgrid2, mup, mdn2,results2,resultsx2,Cp2] = 
SP_circuit_function(Tpres2,Tr, days, Load,Ls,mdn2); 
    Tout2; 
 
%--------------------- Functions of pre-heater heat exchanger---------------------% 
    [MatTx3,Tin3, Tout3,  Toutx3, mdd,results3,resultsx3,Cp3] = 
PH_circuit_function(Tpres3, Minutes,Lp); 
    Tout3; 
 
%------------------- Functions of hot-tap-water heat exchanger--------------------% 
    [MatTx4,Tin4, Tout4, Toutx4,results4,resultsx4,Cp4] = 
HW_circuit_function(Tpres4, Minutes, Toutx3,Lp); 
    Tout4; 
 
%------------------------Heat Exchangers temperatures-----------------------------% 
    Tdh = [zeros(1,7),MatTx',zeros(1,17)]; 
    Tsp = [zeros(1,1),MatTx2',zeros(1,28)]; 
    Tph = [zeros(1,8),MatTx3',zeros(1,16)]; 
    Thw = [zeros(1,26),MatTx4',zeros(1,1)]; 
    Tsur=20+273; 
 
%------------------------Matrix constt calculations.------------------------------% 
 
    Alpha = 1+Diff.*(Qdh+Qsp+Qph+Qhw+Qtl+Quf+2*Qcond); 
    Beta = (Qcond+Quf).*Diff; 
    Gamma = Qcond.*Diff; 
    Delta = Diff'.*(Qdh'.*Tdh'+Qsp'.*Tsp'+Qph'.*Tph'+Qhw'.*Thw'+Qtl'.*Tsur'+Qeh'); 
    count(loop) = loop; 
 
%-------------------------------Matrix formation----------------------------------% 
     
Z = Delta+Tpre; 
    a = diag(Alpha); 
    u = [-Beta]; 
    b = diag(u,+1); 
    b(:,33) = []; 
    b(33,:) = []; 
    v = [-Gamma]; 
    c = diag(v,-1); 
    c(:,33) = []; 
    c(33,:) = []; 
 
    X = [a+b+c]; 
 
    Y = inv(X)*Z; 
    Tone = 320; 
 
    Y(1,1) = Tone; 
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    result(:,loop) = Y; 
    Yc = Y-273; 
    Yc;                     % temperature matrix of store 
 
%---------------------------------Sorting the rows--------------------------------% 
    SR = (1:32)'; 
    YY = [Yc SR]; 
    YH = sortrows(YY); 
 
    i = YH(32,2);            %Number of the row for the max temperature 
 
    Tmax = Yc(i,1);         %Max temperature 
    Tsum = Tmax; 
 
%--------------------------------Stratification steps-----------------------------% 
    count = 2; 
    for i = 1:31 
        if Yc(i) > Yc(i+1) 
            Yc(i) = (Tsum +Yc(i+1))/count; 
            Yc(i+1) = Yc(i); 
            count = count +1 ; 
            Tsum = Tsum + Yc(i+1); 
        end 
    end 
    while Yc(i,1) < Yc(i-1) 
        Tsum = Yc(i-1); 
        YY = [Yc SR];       %Sort the rows 
        YH = sortrows(YY); 
        i = YH(32,2);      %Number of the row for the max temperature 
        Tmax = Yc(i,1);    %Max temperature 
        Tsum = Tmax; 
        count = 2; 
        for j = i:Nmax-1 
            if Yc(j) > Yc(j+1) 
                Yc(j) = (Tsum +Yc(j+1))/count; 
                Yc(j+1) = Yc(j); 
                count = count +1 ; 
                Tsum = Tsum + Yc(j+1); 
            end 
        end 
    end 
    for i = 1:31 
        if Yc(i) > Yc(i+1) 
            Yc(i) = (Tsum +Yc(i+1))/count; 
            Yc(i+1) = Yc(i); 
            count = count +1 ; 
            Tsum = Tsum + Yc(i+1); 
        end 
    end 
    for i = 1:31 
        if Yc(i) > Yc(i+1) 
            Yc(i) = (Tsum +Yc(i+1))/count; 
            Yc(i+1) = Yc(i); 
            count = count +1 ; 
            Tsum = Tsum + Yc(i+1); 
        end 
    end 
 
    YM = Yc;                % Final store temperatures 
 
    Tsuc(:,loop) = YM(21,1); 
    Tret(:,loop) = YM(7,1); 
    Tstore(:,loop) = YM; 
    Tpre = YM+273; 
 
%-----------------------All Heat Exchanger Temperatures---------------------------% 
 
    EX1(:,loop) = results1(:,loop); 
    EX2(:,loop) = results2(:,loop); 
    EX3(:,loop) = results3(:,loop); 
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    EX4(:,loop) = results4(:,loop); 
    QG2(:,loop) = Qgrid2(:,loop); 
    TI2(:,loop) = Tin2c(:,loop); 
 
 
%-------------------------------Heat Transfers-----------------------------------% 
 
    dtr = YM(21,1)-YM(7,1); 
 
    Toutz1(loop,1) = resultsx1(:,loop); 
    Toutz2(loop,1) = resultsx2(:,loop); 
    Toutz3(loop,1) = resultsx3(:,loop); 
    Toutz4(loop,1) = resultsx4(:,loop); 
 
    HTpts(loop) = mdn*(sum(Cp1(:,:))/8)*(Tin(loop,1)-Toutz1(loop,1)); 
    HTpts2(loop) = mdn2*(sum(Cp2(:,:))/3)*(Tin2(loop)-Toutz2(loop,1)); 
    HTpts3(loop) = mdd(loop)*(sum(Cp3(:,:))/8)*(Toutz3(loop,1)-Tin3); 
    HTpts4(loop) = mdd(loop)*(sum(Cp4(:,:))/5)*(Toutz4(loop,1)-Toutz3(loop,1)); 
    for i = 7:20 
    HTpts5(loop) = muf(loop)*(sum(Cp(9:21,:))/13)*(20); 
    HTpts5b(loop) = muf(loop)*(sum(Cp(9:21,:))/13)*(dtr); 
    end 
 
    HTpts6(:,loop) = (UAtl/32)*((YM+273)-(Tsur)); 
    HTpts7(:,loop) = Qeh; 
 
%--------------------change in internal energy------------------------- 
    if  loop == 1 
        DeltaT1 = Y-298; 
    else 
        DeltaT2(:,loop-1) = Y - result(:,loop-1); 
    end 
 
    loop 
end                 % End of loop 
%---------------------------------------------------------------------- 
 
%-------------------Internal energy rise------------------------------- 
if loop == 1 
   DeltaT = DeltaT1; 
end 
if loop > 1 
   DeltaT = [DeltaT1 DeltaT2]; 
end 
for col = loop 
   IER(:,col) = ADiff'.*DeltaT(:,col); 
end 
IER; 
 
TIER1 = sum(IER); 
TIER = sum(TIER1'); 
 
%--------------------Powers IN/OUT------------------------------------- 
 
kWh1 = sum(HTpts*(1/60)); 
kWh2 = sum(HTpts2*(1/60)); 
kWh3 = sum(HTpts3*(1/60)); 
kWh4 = sum(HTpts4*(1/60)); 
kWh5 = sum(HTpts5*(1/60)); 
kWh5b = sum(HTpts5b*(1/60)); 
kWh6 = sum(sum(HTpts6*(1/60))); 
kWh7 = sum(sum(HTpts7*(1/60))); 
 
THT1=sum(HTpts')/loop; 
THT2=sum(HTpts2')/loop; 
THT3=sum(HTpts3')/loop; 
THT4=sum(HTpts4')/loop; 
THT5=sum(HTpts5')/loop; 
THT5b=sum(HTpts5b')/loop; 
HL=sum(HTpts6); 
THT6=sum(HL')/loop; 
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THT7=sum(sum(HTpts7)'); 
Ein = THT1+THT2; 
Eout = THT3+THT4+THT6+TIER; 
DE = Eout - Ein; 
 
%-----------------------------------Outputs-----------------------------------% 
 
MatTx; MatTx-273 
Tout1 = MatTx(1,1)-273; 
 
MatTx2; MatTx2-273 
Tr2 = Tr-273; 
 
MatTx3; MatTx3-273 
Tout3; 
 
MatTx4; MatTx4-273 
Tout4 
mdd; 
 
%---------------------------------- Plots --------------------------------------% 
 
for i = 1:32 
    x(i) = i; 
end 
for j = 1:8 
    z(j) = j; 
end 
figure 
plot(MatTx - 273,z') 
%---------------------------------------------------------------------- 
for l = 1:3 
   k(l) = l; 
end 
figure 
plot(MatTx2 - 273,k') 
%---------------------------------------------------------------------- 
for m = 1:8 
    n(m) = m; 
end 
figure 
plot(MatTx3 - 273,n') 
%---------------------------------------------------------------------- 
for o = 1:5 
    p(o) = o; 
end 
figure 
plot(MatTx4 - 273,p') 
%---------------------------------------------------------------------- 
for i = 1:32 
    x(i) = i; 
end 
figure 
plot(YM,x) 
%---------------------------------------------------------------------- 
 
figure; mesh(EX1); 
figure; mesh(EX2); 
figure; mesh(EX3); 
figure; mesh(EX4); 
figure; mesh(Tstore); 
%---------------------------------------------------------------------- 
Hours=Minutes/60; 
 
toc 

 
End of program 
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SUB-MODEL OF CULVERT HEAT EXCHANGER 
 
 
% Function for the heat store Model 
% Sub-model for Culvert heat exchanger 
 
function [MatTx, Tin, Tout1,Tnet, Toutx1, mup, results1,resultsx1,Cp1]= heat(Tpres, 
Minutes, Tamb,L2, mdn) 
 
format 
mup = 0; L1 = 0; 
ndh = 8; 
UA = 2*1345; 
 
dt = 60; 
Vdh = 0.01^2*pi*20; 
 
Tpre = 298*ones(8,1); % temp at start 
 
%-------------------------- Start of loop for time steps -------------------------% 
 
for loop = 1:length(Minutes(:,1)); 
    for row = 1:8 
        if  (Tpre(row)>=271 & 274>=Tpre(row)) 
            Dens(row,:)=1000; Cp(row,:)=4217; 
        elseif (Tpre(row)>=275 & 279>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4211; 
        elseif (Tpre(row)>=280 & 284>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4198; 
        elseif (Tpre(row)>=285 & 289>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4189; 
        elseif (Tpre(row)>=290 & 294>=Tpre(row)) 
        Dens(row,:)=999; Cp(row,:)=4184; 
        elseif (Tpre(row)>=295 & 299>=Tpre(row)) 
        Dens(row,:)=998; Cp(row,:)=4181; 
        elseif (Tpre(row)>=300 & 304>=Tpre(row)) 
        Dens(row,:)=997; Cp(row,:)=4179; 
        elseif (Tpre(row)>=310 & 314>=Tpre(row)) 
        Dens(row,:)=993; Cp(row,:)=4178; 
        elseif (Tpre(row)>=315 & 319>=Tpre(row)) 
        Dens(row,:)=991; Cp(row,:)=4179; 
        elseif (Tpre(row)>=320 & 324>=Tpre(row)) 
        Dens(row,:)=989; Cp(row,:)=4180; 
        elseif (Tpre(row)>=325 & 329>=Tpre(row)) 
        Dens(row,:)=987; Cp(row,:)=4182; 
        elseif (Tpre(row)>=330 & 334>=Tpre(row)) 
        Dens(row,:)=984; Cp(row,:)=4184; 
        elseif (Tpre(row)>=335 & 339>=Tpre(row)) 
        Dens(row,:)=982; Cp(row,:)=4186; 
        elseif (Tpre(row)>=340 & 344>=Tpre(row)) 
        Dens(row,:)=980; Cp(row,:)=4188; 
        elseif (Tpre(row)>=345 & 349>=Tpre(row)) 
        Dens(row,:)=977; Cp(row,:)=4191; 
        elseif (Tpre(row)>=350 & 354>=Tpre(row)) 
        Dens(row,:)=974; Cp(row,:)=4195; 
        elseif (Tpre(row)>=355 & 359>=Tpre(row)) 
        Dens(row,:)=971; Cp(row,:)=4199; 
        elseif (Tpre(row)>=360 & 364>=Tpre(row)) 
        Dens(row,:)=967; Cp(row,:)=4203; 
        elseif (Tpre(row)>=365 & 369>=Tpre(row)) 
        Dens(row,:)=963.4; Cp(row,:)=4209; 
        elseif (Tpre(row)>=370 & 373>=Tpre(row)) 
        Dens(row,:)=960; Cp(row,:)=4214; 
        else 
        Dens(row,:)=992; Cp(row,:)=4184; 
        end 
    end 
 
    Dens; 
    Cp; 
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%------------------------------ matrix constt calculation-------------------------% 
 
    for i = 1:8 
        UP = L1*Cp*mup; 
        DN = L2*Cp*mdn; 
        HF(i) = UA/ndh; 
    end 
    for row = 1:8 
        Difx(row) = dt*ndh/(Vdh*Dens(row,:)*Cp(row,:)); 
    end 
 
    Difx; 
 
    Zeta = 1+Difx'.*(UP+DN+HF'); 
    Eta = Difx*UP; 
    Theta = Difx'.*DN; 
    Lota = Difx'.*HF'.*Tpres; 
%--------------------District temp dependant on Ambient temperatures--------------% 
 
    if  Tamb(loop,1) >= 2; 
        Tnet = 65; 
    elseif Tamb(loop,1) <= -31; 
        Tnet = 100; 
    else 
        x = (100-65)/(-30-2); 
        Tnet = 100 + (32+Tamb(loop,1))*(x); 
    end 
    Tnet; 
%----------------------------------Matrix formation-------------------------------% 
    Tin(loop,1) = Tnet+273; 
    count(loop) = loop; 
 
    T8=(Tpre(8,1)+Lota(8,1)+(Theta(8,1)*(Tin(loop,1))))/Zeta(8,1); 
    T7=(Tpre(7,1)+Lota(7,1)+(Theta(7,1)*(T8)))/Zeta(7,1); 
    T6=(Tpre(6,1)+Lota(6,1)+(Theta(6,1)*(T7)))/Zeta(6,1); 
    T5=(Tpre(5,1)+Lota(5,1)+(Theta(5,1)*(T6)))/Zeta(5,1); 
    T4=(Tpre(4,1)+Lota(4,1)+(Theta(4,1)*(T5)))/Zeta(4,1); 
    T3=(Tpre(3,1)+Lota(3,1)+(Theta(3,1)*(T4)))/Zeta(3,1); 
    T2=(Tpre(2,1)+Lota(2,1)+(Theta(2,1)*(T3)))/Zeta(2,1); 
    T1=(Tpre(1,1)+Lota(1,1)+(Theta(1,1)*(T2)))/Zeta(1,1); 
 
    MatTx=[T1;T2;T3;T4;T5;T6;T7;T8]; 
 
    results1(:,loop)=MatTx; 
    Tpre = MatTx; 
    resultsx1(loop) = T1; 
end 
%-----------------------------------Outputs---------------------------------------% 
Cp1 = Cp; 
Tnet; 
Toutx1=T1; 
 
Tout1=T1-273; 
MatCx=MatTx-273 
%----------------------------------- Plots ---------------------------------------% 
 
for i=1:8 
    x(i) = i; 
end 
figure; 
plot(MatCx,x) 
 
 

Exit of function 
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SUB-MODEL OF SOLAR HEAT EXCHANGER 
 
 
 
% Function for heat store model 
% Sub-model for solar heat exchanger 
 
function [MatTx2, Tin2,Tin2c,Tout2,Toutx2,Qgrid2, mup, mdn2,results2,resultsx2,Cp2] 
= SP(Tpres2,Tr, days, Load,Ls,mdn2) 
 
%------------------------Case for complete month simulation----------------------% 
switch (days) 
    case {0} 
        row_month = 1:length(Load(:,1)); 
        all_month = Load; 
        %-------------Time & day sorting----------------------------------% 
        for hour = 1:23 
            step = (all_month(1, hour+1) - all_month(1, hour))/60 ; 
            for min = 1:60 
                Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
                Qcoll(min+((hour-1)*60),1) = all_month(1, hour) + step*min ; 
            end 
        end 
        hour = 24; 
        step = (all_month(1, hour) - all_month(1, hour-1))/60 ; 
        for min = 1:60 
            Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
            Qcoll(min+((hour-1)*60),1) = all_month(1, hour) + step*min ; 
        end 
 
%------------------------Collector calc.-----------------------------------% 
        Qcoll; 
        Qgrid = 10*Qcoll; 
        length(Qcoll) 
        plot (Minutes, Qcoll); 
        Minutes; 
%------------------------input parameters----------------------------------% 
        mup = 0; L1 = 0; 
        mdn2 = 0.1; L2 = 1; nsp = 3; 
        UA = 1345; 
        dt = 60; 
        Vsc = 0.01^2*pi*10; 
 
        Tpre = 298*ones(3,1);      % initial temp 
        Tr = 25+273;               % return temp 
 
        for day = 1:length(all_month(:,1)) 
 
         for loop = 1:length(Minutes(:,1));     % Starting loop for every minute 
 
                for row=1:3 
                    if  (Tpre(row)>=271 & 274>=Tpre(row)) 
                        
Dens(row,:)=1000*0.4+1038*0.6;Cpm(row,:)=4217*0.4+2507.4*0.6; 

                    elseif (Tpre(row)>=275 & 279>=Tpre(row))                        
Dens(row,:)=1000*0.4+1038*0.6;Cpm(row,:)=4211*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=280 & 284>=Tpre(row))                        
Dens(row,:)=1000*0.4+1038*0.6;Cpm(row,:)=4198*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=285 & 289>=Tpre(row))                        
Dens(row,:)=1000*0.4+1038*0.6;Cpm(row,:)=4189*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=290 & 294>=Tpre(row))                        
Dens(row,:)=999*0.4+1038*0.6;Cpm(row,:)=4184*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=295 & 299>=Tpre(row))                        
Dens(row,:)=998*0.4+1038*0.6;Cpm(row,:)=4181*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=300 & 304>=Tpre(row))                        
Dens(row,:)=997*0.4+1038*0.6;Cpm(row,:)=4179*0.4+2507.4*0.6; 
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                    elseif (Tpre(row)>=310 & 314>=Tpre(row))                        
Dens(row,:)=993*0.4+1038*0.6;Cpm(row,:)=4178*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=315 & 319>=Tpre(row))                        
Dens(row,:)=991*0.4+1038*0.6;Cpm(row,:)=4179*0.4+2507.4*0.6; 
 
                    elseif (Tpre(row)>=320 & 324>=Tpre(row))                        
Dens(row,:)=989*0.4+1038*0.6;Cpm(row,:)=4180*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=325 & 329>=Tpre(row))                        
Dens(row,:)=987*0.4+1038*0.6;Cpm(row,:)=4182*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=330 & 334>=Tpre(row))                        
Dens(row,:)=984*0.4+1038*0.6;Cpm(row,:)=4184*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=335 & 339>=Tpre(row))                        
Dens(row,:)=982*0.4+1038*0.6;Cpm(row,:)=4186*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=340 & 344>=Tpre(row))                        
Dens(row,:)=980*0.4+1038*0.6;Cpm(row,:)=4188*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=345 & 349>=Tpre(row))                        
Dens(row,:)=977*0.4+1038*0.6;Cpm(row,:)=4191*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=350 & 354>=Tpre(row))                        
Dens(row,:)=974*0.4+1038*0.6;Cpm(row,:)=4195*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=355 & 359>=Tpre(row))                        
Dens(row,:)=971*0.4+1038*0.6;Cpm(row,:)=4199*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=360 & 364>=Tpre(row))                        
Dens(row,:)=967*0.4+1038*0.6;Cpm(row,:)=4203*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=365 & 369>=Tpre(row))                        
Dens(row,:)=963.4*0.4+1038*0.6;Cpm(row,:)=4209*0.4+2507.4*0.6; 
                    elseif (Tpre(row)>=370 & 373>=Tpre(row))                        
Dens(row,:)=960*0.4+1038*0.6;Cpm(row,:)=4214*0.4+2507.4*0.6; 
                    else                        
Dens(row,:)=992*0.4+1038*0.6;Cpm(row,:)=4184*0.4+2507.4*0.6; 
                    end 
                end 
 
                Dens; 
                Cpm; 
%--------------------------- Constt Calculations---------------------------- 
                for i = 1:3 
                    UP = L1*Cpm*mup; 
                    DN = L2*Cpm*mdn2; 
                    HF(i) = UA/nsp; 
                end 
 
                for row = 1:3 
                    Difx = dt*nsp/(Vsc*Dens(row,:)*Cpm(row,:)); 
                end 
 
                Difx; 
%------------------------------ Matrix Constt Calculations-----------------------% 
                Zeta = 1+Difx'.*(UP+DN+HF'); 
                Eta = Difx*UP; 
                Theta = Difx'.*DN; 
                Lota = Difx'.*HF'.*Tpres2; 
 
%--------------------------------- Matrix formation-------------------------------% 
                Tin2(loop,1) = (Qgrid(loop,1)/(mdn2*Cpm(3,1)))+Tr; 
 
                T3s = (Tpre(3,1)+Lota(3,1)+(Theta(3,1)*(Tin2(loop,1))))/Zeta(3,1); 
                T2s = (Tpre(2,1)+Lota(2,1)+(Theta(2,1)*(T3s)))/Zeta(2,1); 
                T1s = (Tpre(1,1)+Lota(1,1)+(Theta(1,1)*(T2s)))/Zeta(1,1); 
                MatTx2 = [T1s;T2s;T3s]; 
 
                MatTx2 = [T1s;T2s;T3s]; 
                results2(:,loop) = MatTx2; 
                Tpre = MatTx2; 
                count(loop) = loop; 
                resultsx2(:,loop) = T1s; 
                Tr(loop) = T1s(loop); 
            end 
        end 
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%---------------------------CALCULATION FOR ONE DAY-------------------------------% 
 
    otherwise 
        all_month = Load (days,:); 
 
        %-------------Time & day sorting--------------------% 
        for hour = 1:23 
            step = (all_month(1, hour+1) - all_month(1, hour))/60 ; 
 
            for min = 1:60 
                Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
                Qcoll(min+((hour-1)*60),1) = all_month(1, hour) + step*min ; 
            end 
        end 
        hour = 24; 
        step = (all_month(1, hour) - all_month(1, hour-1))/60 ; 
 
        for min = 1:60 
            Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
            Qcoll(min+((hour-1)*60),1) = all_month(1, hour) + step*min ; 
        end 
%---------------------Collector calculations----------------------------% 
        Qcoll; 
        Qgrid = 10*Qcoll; 
        length(Qcoll); 
        plot (Minutes, Qcoll); 
        Minutes; 
%-------------------------Input parameters------------------------------% 
        mup = 0.1; L1 = 0; 
         nsp = 3; 
        UA = 1345; 
        dt = 60; 
        Vsc = 0.01^2*pi*10; 
 
        Tpre = 298*ones(3,1);          % initial temp 
 
%------------------------start of loop for every minute---------------------------% 
 
        for loop = 1:(length(Minutes(:,1))); 
 
            for row = 1:3 
                if  (Tpre(row)>=271 & 274>=Tpre(row)) 
                    Dens(row,:)=1000*0.4+1038*0.6; Cpm(row,:)=4217*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=275 & 279>=Tpre(row)) 
                    Dens(row,:)=1000*0.4+1038*0.6; Cpm(row,:)=4211*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=280 & 284>=Tpre(row)) 
                    Dens(row,:)=1000*0.4+1038*0.6; Cpm(row,:)=4198*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=285 & 289>=Tpre(row)) 
                    Dens(row,:)=1000*0.4+1038*0.6; Cpm(row,:)=4189*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=290 & 294>=Tpre(row)) 
                    Dens(row,:)=999*0.4+1038*0.6; Cpm(row,:)=4184*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=295 & 299>=Tpre(row)) 
                    Dens(row,:)=998*0.4+1038*0.6; Cpm(row,:)=4181*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=300 & 304>=Tpre(row)) 
                    Dens(row,:)=997*0.4+1038*0.6; Cpm(row,:)=4179*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=310 & 314>=Tpre(row)) 
                    Dens(row,:)=993*0.4+1038*0.6; Cpm(row,:)=4178*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=315 & 319>=Tpre(row)) 
                    Dens(row,:)=991*0.4+1038*0.6; Cpm(row,:)=4179*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=320 & 324>=Tpre(row)) 
                    Dens(row,:)=989*0.4+1038*0.6; Cpm(row,:)=4180*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=325 & 329>=Tpre(row)) 
                    Dens(row,:)=987*0.4+1038*0.6; Cpm(row,:)=4182*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=330 & 334>=Tpre(row)) 
                    Dens(row,:)=984*0.4+1038*0.6; Cpm(row,:)=4184*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=335 & 339>=Tpre(row)) 
                    Dens(row,:)=982*0.4+1038*0.6; Cpm(row,:)=4186*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=340 & 344>=Tpre(row)) 
                    Dens(row,:)=980*0.4+1038*0.6; Cpm(row,:)=4188*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=345 & 349>=Tpre(row)) 
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                    Dens(row,:)=977*0.4+1038*0.6; Cpm(row,:)=4191*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=350 & 354>=Tpre(row)) 
                    Dens(row,:)=974*0.4+1038*0.6; Cpm(row,:)=4195*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=355 & 359>=Tpre(row)) 
                    Dens(row,:)=971*0.4+1038*0.6; Cpm(row,:)=4199*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=360 & 364>=Tpre(row)) 
                    Dens(row,:)=967*0.4+1038*0.6; Cpm(row,:)=4203*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=365 & 369>=Tpre(row)) 
                    Dens(row,:)=963.4*0.4+1038*0.6; Cpm(row,:)=4209*0.4+2507.4*0.6; 
                elseif (Tpre(row)>=370 & 373>=Tpre(row)) 
                    Dens(row,:)=960*0.4+1038*0.6; Cpm(row,:)=4214*0.4+2507.4*0.6; 
                else 
                    Dens(row,:)=992*0.4+1038*0.6; Cpm(row,:)=4184*0.4+2507.4*0.6; 
                end 
            end 
 
            Dens; 
            Cpm; 
%--------------------------- Constt Calc.-------------------------------% 
            for i = 1:3 
                UP = L1*Cpm*mup; 
                DN = Ls*Cpm*mdn2; 
                HF(i) = UA/nsp; 
            end 
            for row = 1:3 
                Difx = dt*nsp/(Vsc*Dens(row,:)*Cpm(row,:)); 
            end 
%------------------------------ Matrix Constt Calculations-----------------------% 
            Difx = [Difx Difx Difx]; 
            Tpres2 = 298; 
            Zeta = 1+Difx'.*(UP+DN+HF'); 
            Eta = Difx*UP; 
            Theta = Difx'.*DN; 
            Lota = Difx'.*HF'.*Tpres2; 
%--------------------------------- Matrix formation-------------------------------% 
            Tin2(loop,1) = (Qgrid(loop,1)/(mdn2*Cpm(3,1)))+Tr; 
 
            T3s = (Tpre(3,1)+Lota(3,1)+(Theta(3,1)*(Tin2(loop,1))))/Zeta(3,1); 
            T2s = (Tpre(2,1)+Lota(2,1)+(Theta(2,1)*(T3s)))/Zeta(2,1); 
            T1s = (Tpre(1,1)+Lota(1,1)+(Theta(1,1)*(T2s)))/Zeta(1,1); 
 
            MatTx2 = [T1s;T2s;T3s]; 
            results2(:,loop) = MatTx2; 
            Tpre = MatTx2; 
            resultsx2(:,loop) = T1s; 
            Tr = T1s; 
            Tin2c(:,loop) = Tin2(loop,1); 
            Qgrid2(:,loop) = Qgrid(loop,1); 
            count(loop) = loop; 
        end 
end 
%-----------------------------------Outputs---------------------------------------% 
Tr; 
Tin2; 
Tin2c; 
Qgrid2; 
Cp2 = Cpm; 
mdn2; 
Toutx2 = T1s; 
Tout2 = T1s-273; 
MatCx2 = MatTx2-273 
%-----------------------------------  Plots  -------------------------------------- 
for i = 1:3 
    x(i) = i; 
end 
figure; 
plot(MatCx2, x) 
plot(count, Tin2) 
 
 

Exit of Function 
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SUB-MODEL OF PRE-HEATER HEAT EXCHANGER 
 
 
 
% Function of Heat store Model 
% Sub-model for Pre-heater heat exchanger 
 
function [MatTx3,Tin3, Tout3, Toutx3, mdd, results3,resultsx3,Cp3] = PH(Tpres3, 
Minutes,Lp) 
 
 
mdn3 = 0; L2 = 0; nph = 8; 
UA = 1345; 
 
%------------------------------Mass flow vector-----------------------------------% 
mup1 = 
[zeros(300,1);1;zeros(39,1);1;zeros(4,1);6;zeros(35,1);1;1;zeros(33,1);1;zeros(4,1)
;8;8;8;8;8;zeros(11,1);6;zeros(25,1);1;zeros(39,1);1;zeros(24,1);8;zeros(14,1);1;ze
ros(39,1);1;zeros(35,1);6;zeros(4,1)]; 
mup2 = 
[1;zeros(39,1);2;2;zeros(39,1);1;zeros(4,1);6;zeros(34,1);1;zeros(39,1);1;zeros(14,
1);6;zeros(25,1);1;zeros(39,1);1;zeros(14,1);6;zeros(14,1);1;zeros(39,1);1;zeros(34
,1);6;zeros(4,1);1;zeros(39,1)]; 
mup3 = 
[1;zeros(39,1);1;zeros(4,1);8;zeros(14,1);1;zeros(19,1);1;zeros(39,1);1;zeros(14,1)
;6;zeros(14,1);8;8;8;8;8;8;zeros(5,1);1;zeros(39,1);1;zeros(24,1);6;zeros(14,1);1;z
eros(39,1);1;zeros(34,1);6;zeros(5,1);1;zeros(39,1);2;2;zeros(60,1)]; 
mups = [mup1;mup2;mup3]; 
mup = mups/60; 
 
length(mup); 
[Minutes mup]; 
plot (Minutes, mup); 
 
%----------------------Input parameters---------------------------------% 
dt = 60; Vph = 0.01^2*pi*10; 
Tpre = 283*ones(8,1); 
 
%-------------------------------Start of loop-------------------------------------% 
 
for loop = 1:(length(Minutes(:,1))); 
    for row = 1:8 
       if  (Tpre(row)>=271 & 274>=Tpre(row)) 
            Dens(row,:)=1000; Cp(row,:)=4217; 
        elseif (Tpre(row)>=275 & 279>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4211; 
        elseif (Tpre(row)>=280 & 284>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4198; 
        elseif (Tpre(row)>=285 & 289>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4189; 
        elseif (Tpre(row)>=290 & 294>=Tpre(row)) 
        Dens(row,:)=999; Cp(row,:)=4184; 
        elseif (Tpre(row)>=295 & 299>=Tpre(row)) 
        Dens(row,:)=998; Cp(row,:)=4181; 
        elseif (Tpre(row)>=300 & 304>=Tpre(row)) 
        Dens(row,:)=997; Cp(row,:)=4179; 
        elseif (Tpre(row)>=310 & 314>=Tpre(row)) 
        Dens(row,:)=993; Cp(row,:)=4178; 
        elseif (Tpre(row)>=315 & 319>=Tpre(row)) 
        Dens(row,:)=991; Cp(row,:)=4179; 
        elseif (Tpre(row)>=320 & 324>=Tpre(row)) 
        Dens(row,:)=989; Cp(row,:)=4180; 
        elseif (Tpre(row)>=325 & 329>=Tpre(row)) 
        Dens(row,:)=987; Cp(row,:)=4182; 
        elseif (Tpre(row)>=330 & 334>=Tpre(row)) 
        Dens(row,:)=984; Cp(row,:)=4184; 
        elseif (Tpre(row)>=335 & 339>=Tpre(row)) 
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        Dens(row,:)=982; Cp(row,:)=4186; 
        elseif (Tpre(row)>=340 & 344>=Tpre(row)) 
        Dens(row,:)=980; Cp(row,:)=4188; 
        elseif (Tpre(row)>=345 & 349>=Tpre(row)) 
        Dens(row,:)=977; Cp(row,:)=4191; 
        elseif (Tpre(row)>=350 & 354>=Tpre(row)) 
        Dens(row,:)=974; Cp(row,:)=4195; 
        elseif (Tpre(row)>=355 & 359>=Tpre(row)) 
        Dens(row,:)=971; Cp(row,:)=4199; 
        elseif (Tpre(row)>=360 & 364>=Tpre(row)) 
        Dens(row,:)=967; Cp(row,:)=4203; 
        elseif (Tpre(row)>=365 & 369>=Tpre(row)) 
        Dens(row,:)=963.4; Cp(row,:)=4209; 
        elseif (Tpre(row)>=370 & 373>=Tpre(row)) 
        Dens(row,:)=960; Cp(row,:)=4214; 
        else 
        Dens(row,:)=992; Cp(row,:)=4184; 
        end 
    end 
 
    Dens; 
    Cp; 
%------------------------------ matrix constt calculation-------------------------% 
    for i = 1:8 
        UP(i,1) = Lp*mup(loop,1)*Cp(i,:); 
        DN = L2*Cp*mdn3; 
        HF(i) = UA/nph; 
    end 
 
    for row = 1:8 
        Difx(row) = dt*nph/(Vph*Dens(row,:)*Cp(row,:)); 
    end 
 
    Difx; 
    Zeta = 1+Difx'.*(UP+DN+HF'); 
    Eta = Difx'.*UP; 
    Theta = Difx'.*DN; 
    Lota = Difx'.*HF'.*Tpres3; 
    Tin3 = 10+273; 
%-----------------------Matrix formation-------------------------------% 
    count(loop) = loop; 
 
    T1 = (Tpre(1,1)+Lota(1,1)+(Eta(1,1)*(Tin3)))/Zeta(1,1); 
    T2 = (Tpre(2,1)+Lota(2,1)+(Eta(2,1)*(T1)))/Zeta(2,1); 
    T3 = (Tpre(3,1)+Lota(3,1)+(Eta(3,1)*(T2)))/Zeta(3,1); 
    T4 = (Tpre(4,1)+Lota(4,1)+(Eta(4,1)*(T3)))/Zeta(4,1); 
    T5 = (Tpre(5,1)+Lota(5,1)+(Eta(5,1)*(T4)))/Zeta(5,1); 
    T6 = (Tpre(6,1)+Lota(6,1)+(Eta(6,1)*(T5)))/Zeta(6,1); 
    T7 = (Tpre(7,1)+Lota(7,1)+(Eta(7,1)*(T6)))/Zeta(7,1); 
    T8 = (Tpre(8,1)+Lota(8,1)+(Eta(8,1)*(T7)))/Zeta(8,1); 
    MatTx3 = [T1;T2;T3;T4;T5;T6;T7;T8]; 
    results3(:,loop) = MatTx3; 
    Tpre = MatTx3; 
    resultsx3(:,loop) = T8; 
end 
%-----------------------------------Outputs---------------------------------------% 
Tin3; 
Cp3 = Cp; 
mdd = mup; 
Toutx3 = T8; 
Tout3 = T8-273; 
MatCx3 = MatTx3-273 
%----------------------------------- Plots ---------------------------------------% 
for i = 1:8 
    x(i) = i; 
end 
figure 
plot(MatCx3, x) 

 
Exit of Function 
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SUB-MODEL OF HOT-WATER HEAT EXCHANGER 
 
 
 
 
% Function for Heat store Model 
% Sub-model of Hot-tap-water Heat exchanger 
 
function [MatTx4,Tin4, Tout4, Toutx4, results4,resultsx4,Cp4] = HW(Tpres4, Minutes, 
Toutx3,Lp) 
 
mdn4=0; L2=0; nhw=5; 
UA=2245; 
%------------------------------Mass flow vector-----------------------------------% 
mup1 = 
[zeros(300,1);1;zeros(39,1);1;zeros(4,1);6;zeros(35,1);1;1;zeros(33,1);1;zeros(4,1)
;8;8;8;8;8;zeros(11,1);6;zeros(25,1);1;zeros(39,1);1;zeros(24,1);8;zeros(14,1);1;ze
ros(39,1);1;zeros(35,1);6;zeros(4,1)]; 
mup2 = 
[1;zeros(39,1);2;2;zeros(39,1);1;zeros(4,1);6;zeros(34,1);1;zeros(39,1);1;zeros(14,
1);6;zeros(25,1);1;zeros(39,1);1;zeros(14,1);6;zeros(14,1);1;zeros(39,1);1;zeros(34
,1);6;zeros(4,1);1;zeros(39,1)]; 
mup3 = 
[1;zeros(39,1);1;zeros(4,1);8;zeros(14,1);1;zeros(19,1);1;zeros(39,1);1;zeros(14,1)
;6;zeros(14,1);8;8;8;8;8;8;zeros(5,1);1;zeros(39,1);1;zeros(24,1);6;zeros(14,1);1;z
eros(39,1);1;zeros(34,1);6;zeros(5,1);1;zeros(39,1);2;2;zeros(60,1)]; 
mups = [mup1;mup2;mup3]; 
mup = mups/60; 
 
length(mup); 
[Minutes mup]; 
plot (Minutes, mup); 
 
%----------------------Input parameters------------------------% 
 
dt = 60; Vhw = 0.01^2*pi*15; 
Tpre = 283*ones(5,1); 
 
%-------------------------------Start of loop-------------------------------------% 
 
for loop = 1:(length(Minutes(:,1))); 
    for row = 1:5 
       if  (Tpre(row)>=271 & 274>=Tpre(row)) 
            Dens(row,:)=1000; Cp(row,:)=4217; 
        elseif (Tpre(row)>=275 & 279>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4211; 
        elseif (Tpre(row)>=280 & 284>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4198; 
        elseif (Tpre(row)>=285 & 289>=Tpre(row)) 
        Dens(row,:)=1000; Cp(row,:)=4189; 
        elseif (Tpre(row)>=290 & 294>=Tpre(row)) 
        Dens(row,:)=999; Cp(row,:)=4184; 
        elseif (Tpre(row)>=295 & 299>=Tpre(row)) 
        Dens(row,:)=998; Cp(row,:)=4181; 
        elseif (Tpre(row)>=300 & 304>=Tpre(row)) 
        Dens(row,:)=997; Cp(row,:)=4179; 
        elseif (Tpre(row)>=310 & 314>=Tpre(row)) 
        Dens(row,:)=993; Cp(row,:)=4178; 
        elseif (Tpre(row)>=315 & 319>=Tpre(row)) 
        Dens(row,:)=991; Cp(row,:)=4179; 
        elseif (Tpre(row)>=320 & 324>=Tpre(row)) 
        Dens(row,:)=989; Cp(row,:)=4180; 
        elseif (Tpre(row)>=325 & 329>=Tpre(row)) 
        Dens(row,:)=987; Cp(row,:)=4182; 
        elseif (Tpre(row)>=330 & 334>=Tpre(row)) 
        Dens(row,:)=984; Cp(row,:)=4184; 
        elseif (Tpre(row)>=335 & 339>=Tpre(row)) 
        Dens(row,:)=982; Cp(row,:)=4186; 
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        elseif (Tpre(row)>=340 & 344>=Tpre(row)) 
        Dens(row,:)=980; Cp(row,:)=4188; 
        elseif (Tpre(row)>=345 & 349>=Tpre(row)) 
        Dens(row,:)=977; Cp(row,:)=4191; 
        elseif (Tpre(row)>=350 & 354>=Tpre(row)) 
        Dens(row,:)=974; Cp(row,:)=4195; 
        elseif (Tpre(row)>=355 & 359>=Tpre(row)) 
        Dens(row,:)=971; Cp(row,:)=4199; 
        elseif (Tpre(row)>=360 & 364>=Tpre(row)) 
        Dens(row,:)=967; Cp(row,:)=4203; 
        elseif (Tpre(row)>=365 & 369>=Tpre(row)) 
        Dens(row,:)=963.4; Cp(row,:)=4209; 
        elseif (Tpre(row)>=370 & 373>=Tpre(row)) 
        Dens(row,:)=960; Cp(row,:)=4214; 
        else 
        Dens(row,:)=992; Cp(row,:)=4184; 
        end 
    end 
 
    Dens; 
    Cp; 
%------------------------------ matrix constt calculation-------------------------% 
for i = 1:5 
    UP(i,1) = Lp*mup(loop,1)*Cp(i,:); 
    DN = L2*Cp*mdn4; 
    HF(i) = UA/nhw; 
end 
 
for row = 1:5 
Difx(row) = dt*nhw/(Vhw*Dens(row,:)*Cp(row,:)); 
end 
 
Difx; 
Zeta = 1+Difx'.*(UP+DN+HF'); 
Eta = Difx'.*UP; 
Theta = Difx'.*DN; 
Lota = Difx'.*HF'.*Tpres4; 
Tin4(loop,1) = Toutx3; 
%-----------------------Matrix formation----------------------------% 
count(loop) = loop; 
T1 = (Tpre(1,1)+Lota(1,1)+(Eta(1,1)*(Tin4(loop,1))))/Zeta(1,1); 
T2 = (Tpre(2,1)+Lota(2,1)+(Eta(2,1)*(T1)))/Zeta(2,1); 
T3 = (Tpre(3,1)+Lota(3,1)+(Eta(3,1)*(T2)))/Zeta(3,1); 
T4 = (Tpre(4,1)+Lota(4,1)+(Eta(4,1)*(T3)))/Zeta(4,1); 
T5 = (Tpre(5,1)+Lota(5,1)+(Eta(5,1)*(T4)))/Zeta(5,1); 
MatTx4 = [T1;T2;T3;T4;T5]; 
results4(:,loop) = MatTx4; 
Tpre = MatTx4; 
resultsx4(:,loop) = T5; 
 
end 
%-----------------------------------Outputs---------------------------------------% 
Tin4; 
Cp4 = Cp; 
Toutx4 = T5; 
Tout4 = T5-273; 
MatCx4 = MatTx4-273 
%----------------------------------- Plots ---------------------------------------% 
for i = 1:5 
    x(i) = i; 
end 
figure 
plot(MatCx4, x) 

 
Exit of Function 
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FUNCTION FOR SPACE HEATING DEMAND 
 
 
 
 
% Function of Heat store Model 
% Calculation of Radiator Mass flow 
 
function [Tamb, mfr] = mf(Load2, days) 
 
 
%-----------------------------CALCULATION FOR MONTH-------------------------------% 
 
switch (days) 
    case {0} 
        row_month2 = 1:length(Load2(:,1)) 
        all_month2 = Load2; 
 
        for hour = 1:23 
            step = (all_month2(1, hour+1) - all_month2(1, hour))/60 ; 
            for min = 1:60 
                Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
                Tamb(min+((hour-1)*60),1) = all_month2(1, hour) + step*min ; 
            end 
        end 
 
        hour = 24; 
        step = (all_month2(1, hour) - all_month2(1, hour-1))/60 ; 
        for min = 1:60 
            Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
            Tamb(min+((hour-1)*60),1) = all_month2(1, hour) + step*min ; 
        end 
 
        Tamb; 
 
        length(Tamb) 
        plot (Minutes, Tamb); 
        Minutes; 
 
        Qradx = 7;     %kW 
        Troom = 20; 
        Tambx = -30; 
        Constt = Qradx/(Troom - Tambx)   % kW/C 
 
 
        Cp = 4.184; 
        DT = 20; 
        Qrad = Constt*(Troom - Tamb); 
        mfr = Qrad/(Cp*DT); 
 
 
%-----------------------------CALCULATION FOR ONE DAY-----------------------------% 
 
    otherwise 
        all_month2 = Load2(days,:); 
 
        for hour = 1:23 
            step = (all_month2(1, hour+1) - all_month2(1, hour))/60 ; 
 
            for min = 1:60 
                Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
                Tamb(min+((hour-1)*60),1) = all_month2(1, hour) + step*min ; 
            end 
        end 
 
        % 
        hour = 24; 
        step = (all_month2(1, hour) - all_month2(1, hour-1))/60 ; 
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        for min = 1:60 
            Minutes(min+((hour-1)*60),1) = min + ((hour-1)*60); 
            Tamb(min+((hour-1)*60),1) = all_month2(1, hour) + step*min ; 
        end 
 
        Tamb; 
 
        length(Tamb) 
 
        plot (Minutes, Tamb); 
 
        Minutes; 
         Qradx = 7;     %kW 
        Troom = 20; 
        Tambx = -30; 
        Constt = Qradx/(Troom - Tambx);   % kW/C 
 
 
        Cp = 4.184; 
        DT = 20; 
        Qrad = Constt*(Troom - Tamb); 
        mfr = Qrad/(Cp*DT); 
end 
mfr; 

 
 
 
 
Exit of Function 
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APPENDIX II 
 

Hot Water Draw-off 
Realistic Daily Profile (RDP) - medium 

 
Withdrawals 

 Time Flow 
rate[l/h] 

Duration
[min] 

Flow rate 
[l/s] 

Volume
[l] 

ΔT  
[K] 

Energy 
[kWh] 

1 05:00 60 1 0.0167 1 50 0.058 
2 05:40 60 1 0.0167 1 50 0.058 
3 05:45 360 1 0.1000 6 50 0.349 
4 06:20 60 2 0.0167 2 50 0.116 
5 06:55 60 1 0.0167 1 50 0.058 
6 07:00 480 5 0.1333 40 50 2.324 
7 07:15 360 1 0.1000 6 50 0.349 
8 07:40 60 1 0.0167 1 50 0.058 
9 08:20 60 1 0.0167 1 50 0.058 

10 08:45 480 1 0.1333 8 50 0.465 
11 09:00 60 1 0.0167 1 50 0.058 
12 09:40 60 1 0.0167 1 50 0.058 
13 10:15 360 1 0.1000 6 50 0.349 
14 10:20 60 1 0.0167 1 50 0.058 
15 11:00 120 2 0.0333 4 50 0.232 
16 11:40 60 1 0.0167 1 50 0.058 
17 11:45 360 1 0.1000 6 50 0.349 
18 12:20 60 1 0.0167 1 50 0.058 
19 13:00 60 1 0.0167 1 50 0.058 
20 13:15 360 1 0.1000 6 50 0.349 
21 13:40 60 1 0.0167 1 50 0.058 
22 14:20 60 1 0.0167 1 50 0.058 
23 14:45 360 1 0.1000 6 50 0.349 
24 15:00 60 1 0.0167 1 50 0.058 
25 15:40 60 1 0.0167 1 50 0.058 
26 16:15 360 1 0.1000 6 50 0.349 
27 16:20 60 1 0.0167 1 50 0.058 
28 17:00 60 1 0.0167 1 50 0.058 
29 17:40 60 1 0.0167 1 50 0.058 
30 17:45 480 1 0.1333 8 50 0.465 
31 18:00 60 1 0.0167 1 50 0.058 
32 18:20 60 1 0.0167 1 50 0.058 
33 19:00 60 1 0.0167 1 50 0.058 
34 19:15 360 1 0.1000 6 50 0.349 
35 19:30 480 6 0.1333 48 50 2.789 
36 19:40 60 1 0.0167 1 50 0.058 
37 20:20 60 1 0.0167 1 50 0.058 
38 20:45 360 1 0.1000 6 50 0.349 
39 21:00 60 1 0.0167 1 50 0.058 
40 21:40 60 1 0.0167 1 50 0.058 
41 22:15 360 1 0.1000 6 50 0.349 
42 22:20 60 1 0.0167 1 50 0.058 
43 23:00 120 2 0.0333 4 50 0.232 

        
Total         200   11.62 

       4242.11 
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APPENDIX III 
 
Program CD: 

• Matlab model scripts 
• Solar collector database 
• Ambient temperature database 
• WINSUN software 
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