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Abstract

The boiler is an enclosed vessel that transfers the energy from fuel combustion or 
electricity into hot water or steam. Then, this hot water or pressurized steam is used 
for transferring the heat to a certain heat process. Usually, the required hot water or 
steam keeps on varying throughout the day which also may be implied on the daily 
or monthly load. Therefore, several configurations of connecting the boiler into the 
solar heating system ensure the temperature of the final output. The boiler can be 
connected in series or parallel to improve the efficiency of the overall process as well 
as to reduce the running costs. This paper presents a simulation study of a solar heating 
system for industrial processes. Two flow-heater system configurations are designed 
for covering the heat demand of a pasteurising factory existing in Budapest, Hungary. 
The configuration “A” consists of a solar heating system for hot water preparation using 
in series flow heater configuration. While configuration “B” consists of the same solar 
system but with a parallel flow heater configuration. These system configurations 
are modelled using T*sol software for evaluating the system performance under the 
Hungarian climate from five different aspects: required collector area, glycol ratio, 
volume flow rate, relative tank capacity, and tank height-to-diameter ratio. According 
to the optimum design parameters, in series configuration is better than parallel by 
3.14% at 45 m² collector area, 0.45% at 25% glycol ratio, 0.42% at 50 l/h · m² volume flow 
rate, 2.05% at 50 l/m² relative tank capacity, and 0.42% at 1.8 tank height-to-diameter 
ratio respectively. The results show that in series configuration is better in terms of 
solar fractions than parallel configuration from all five aspects.
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Introduction

In Hungary, water heating systems are mainly based 
on fuel such as wood and gas with 64% of the national 
energy share. Among these, wood is still widely used 
because of its low price and wide availability in the 
countryside while gas is mostly used in residential 
and industrial cities. Unfortunately, the combustion of 
wood and gas is the main source of air pollution during 
wintertime. On the other hand, the renewable energy 
share is growing from 2% in 1990 to 15% in 2015 show-
ing the new trend of integrating and utilising renew-
able energies in national energy production. It is prov-
en that the cost of the fuels is highly sensitive to crises 
like Covid 19 where the price of oil has dropped below 
zero in April 2020 or the oil crises back in 1973. These 
problems are the driving motivations to evaluate the 
performance of the environmental highly efficient en-
ergy alternatives like the solar thermal system which 
is known as Solar Heat for Industrial processes (SHIP).

Solar energy is considered one of the most sustain-
able energy sources since it delivers stable supply energy 
for both thermal applications and power generation in 
domestic and industrial sectors [1, 2]. Where the thermal 
conversion of the solar energy can have an efficiency of 
up to 70%. Even for power production, it has between 
20–25% compared to 15–20% for photovoltaic systems [3]. 
Therefore, the use of solar thermal systems for industrial 
applications meets the increased industrial demand. 

The solar heat process system consists of four main 
components, solar collector, buffer tank, hydraulic 
system (like pipes and valves), and boiler. The boiler 
is needed to convert the water into hot water or steam 
using different energy sources such as fuel combustion 
of electricity. This hot water or steam is needed for the 
vast majority of the industrial processes such as pas-
teurising, bleaching, paper, sugar, textile, dairy, etc. In 
such industrial processes, hot water or steam quality 
and temperature must be maintained to meet the tem-
perature requirements of the heat process within ac-
ceptable margins. To achieve the maximum efficiency 
of the solar heat process, the generated hot water or 
steam must match the hot water or steam demand as 
accurately as possible and meet up with the fluctuation 
in the demand. As known that solar energy has a spo-
radic nature, because it fluctuates on an hourly, daily, 
and monthly basis, thus a backup system has to be con-
nected to ensure the temperature of the final supply. 
In most of the scenarios, the backup system is a boiler 
with effective controlling being needed since the boil-
er’s efficiency varies with the load condition. In the case 
of a single boiler system, the controlling process is rel-
atively easy compared to the facilities where more than 

one boiler is on-site running so that it requires upgrad-
ing to the controlling system to ensure the final output.  
In the case of a multiple boiler system, demand-load 
management is needed to get the optimum results [4]. 
Since there are no clear strategies to maximise the ef-
ficiency of the boiler system, the decision of the oper-
ation and load distribution among the boiler rely on 
the expertise of the boiler operator. This decision can 
result in significant efficiency loss and operating costs. 
When the hot water of steam demand is low the effi-
ciency of the boiler decreases. So that, it is suggested 
to use multiple small boilers with proper demand load 
management to save the consumed fuel as well as the 
required space for installation.  

 With a significant share of the final energy demand 
and mainly for processes below 250°C, solar heating for 
industrial processes is considered as one of the best re-
newable energy solutions under several atmospheric 
conditions. These processes have around 35% of the 
world’s growth [5] so that they significantly influence 
the national economic growth. These industrial shares 
may vary between growing economics and developed 
ones depending on the industrial level of the country. 
For example, Germany has 28% [6] and the united states 
of America has 33% [7], compared to India 47% [8] and 
China 70% [9]. In each industrial sector, there is a de-
mand for both electrical and thermal forms of energy. 
The electrical energy is needed for operating the elec-
trical machines such as the motors, lights, and air con-
ditioning system. While thermal energy is needed for 
heat processes such as dyeing, bleaching, drying, etc. 
So that, a substantial share of the industrial demand 
is needed for heat processes. According to the avail-
able statistics, a major fraction of around 60% of the 
solar fraction is reported in the temperature interval 
of 30–250°C [10].  

Generally, and in all industrial firms, all the hot 
water demand is generated by a heating element that 
generates heat such as a boiler. Then, it is transferred 
from the heating source to the needed heat process by 
a transferring mechanism (piping system) which serves 
as a distribution system. The transfer mechanism is not 
needed in all cases since the heat can be generated into 
the heating process such as hardening and tempering. 
While indirect heating is typically generated for duties 
such as drying and washing [11]. The boiler mecha-
nism can be electrical-based or combustion-based. In 
combustion-based systems, the heat is produced by the 
combustion of different types of fuels or gas (available 
in solid, liquid, and gas form) and then it is transferred 
to the heat process. While in electrical-based boilers, 
the heat is produced by electromagnetic fields or elec-
trical currents such as infrared emitters [12]. 

www.stijournal.pl

https://journals.anstar.edu.pl/index.php/sti


20 Original article R. Ghabour, P. Korzenszky

Science, Technology and Innovation, 2021, 14 (3–4), 18–26

The use of liquid fuels and coal accounts for about 
50% of the total share of fuels used in the industrial sec-
tor. In 2020, the share of renewable energy (solar and 
biomass) accounts for 6.6%, while electricity, natural 
gas, liquid fuel, and coal account for 16%, 22%, 27%, 
28.4% respectively [13]. 

The heat transfer medium may or may not be in 
direct contact with the under-manufactured products. 
Because it depends on the process itself and the end-
use requirements. Generally, heat transfer mediums 
must have high heat capacity, low viscosity, low corro-
siveness, low vapour pressure, and high thermal sta-
bility [14–16]. While steam is the most used medium in 
industries accounting for 37% and 33% for the USA and 
the UK respectively [17] because it has high energy den-
sity and can be stored in large quantities. For example, 
in the dairy, chemical, and pulp and paper industries, it 
accounts for 50–60%, 47%, and 84% of the needed de-
mand in steam form. On the other hand, oil can be used 
in industries due to its ability to operate under very low 
pressure. However, it costs more and has a low specific 
heat capacity than water [18].

The International Energy Agency (IEA) has estab-
lished a program of solar heating and cooling (SHC) 
back in 1977 aiming to promote the utilisation of all 
forms of solar thermal energy. Those activities involve 
experts from EU and IEA member countries. For ex-
ample, Task 33 (2003–2007) aimed to show the huge 
potential of using solar heat in industry and the impor-
tance of creating a new market sector to integrate so-
lar thermal systems into different industrial processes 
[10]. While Task 49 (2012–2015) reported after analysing 
more than 120 operating solar thermal systems, that 
worldwide around 30% of the industrial heat demand 
is needed at a temperature below 100°C. While in the 
EU27 28% of the overall energy demand is for heat be-
low 250°C [19]. Finally, Task 64 (2020 – ongoing) aims to 
help solar technologies to become a reliable solution 
for industrial duties up to 400–500°C [20].

For selecting appropriate solar collectors for indus-
trial duties, it is important to meet the following cri-
terion: 1. To harvest the accepted range of solar yield, 
2. To meet the operating temperature needs, 3. To have 
high efficiency, and 4. To have a realistic cost [21, 22]. 
Currently, three different types of solar collector types 
are being used in the industrial sector mainly: flat-plate 
collector (FPC), evacuated tube collector (ETC), and 
concentrated ones. Where mostly water and air are 
the most used mediums in the collector loop, while in 
some cases water has to be mixed with propylene glycol 
(where the ambient temperature falls below 0°C) in or-
der to avoid freezing and burst failures. Generally, FPCs 
and ETCs are being used for low-temperature industrial 

processes [23], and concentrated collectors for medium 
to high temperature (> 300°C) and it is available in sev-
eral designs like parabolic troughs, dishes, and linear 
Fresnel reflectors [24].

In the literature, the reported potential of using so-
lar energy in several industrial processes is enormous, 
while worldwide, the actual installed capacity in the 
industrial sector is below 1%. That is due to several 
reasons such as lack of governmental subsidies, lack 
of awareness, and most importantly that every case is 
a unique case (retrofit project or a new project). Even 
though, it has never been studied before as a compar-
ative analysis to determine which boiler configuration 
would be the best to achieve the highest solar yield and 
the highest solar fraction. The current study focuses on 
two different boiler configurations, in series and par-
allel, from five different aspects. The study factors are 
required collector area, glycol ration, flow rate, relative 
tank volume, and tank height-to-diameter ratio. 

Materials and methods
An indirectly forced circulations solar thermal sys-
tem for heat process applications with external heat 
exchanger integration and antifreeze fluid in the pri-
mary flow loop is modelled in this study. The second-
ary loop is the process heat section where the boiler 
is connected to the process either in parallel or series. 
The parallel connection can be used by attaching the 
boiler’s input and output directly into the buffer tank as 
in Figure 1a, while in series connection is by installing 
the boiler directly into the piping system between the 
process heat and the buffer tank as in Figure 1b. 

When the primary loop receives the solar irradia-
tion then it transports it from the solar collectors to the 
primary side of the external heat exchanger (hot side). 
Since the study is in a relatively cold climate, where 
the ambient temperature falls below zero degrees 
during wintertime, the fluid used in the primary loop 
is a solution of glycol in water where the conducted 
simulations measure the performance of both systems 
under different volumetric glycol ratios to avoid freez-
ing in the primary loop. To allow the absorbed energy 
to be transferred to the buffer tank, the external heat 
exchanger does not only do this but also separates the 
glycol in the primary loop from being mixed with the 
duty water in the buffer tank in the secondary loop. Be-
fore the process heat, the output hot water temperature 
is checked by the temperature sensor if it matches the 
needed temperature. If not, the auxiliary heater (which 
can be gas, pallet, oil-fired boiler, or even a heat pump) 
runs to warm up the output water to the desired level 
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and this occurs mainly on overcast days where the so-
lar irradiation is not sufficient. On the contrary, when 
the produced water exceeds the desired temperature, 
a 3-way valve adds more cold water to adjust the output 
temperature. 

According to the recent literature reviews and to op-
timise the performance of the solar system, two sets of 
simulations are conducted. The first one is to perform 
then optimise the system performance (considering 
the solar fraction as the key factor) for given character-
istics of a solar collector. While the second type is to 
optimise the efficiency of the solar collectors. Never-
theless, most of the studies are done using MATLAB or 
TRNSYS software. 

Figure 1. Solar thermal system for heat process (a) parallel 
boiler connection (b) series connection 

The working profile of a pasteurising plant general-
ly continues during the whole year with short breaks, 
for example during Sundays with half working days, 
Christmas, and summer holidays. Since the pasteuris-
ing process starts every early morning from 6 AM till 
4 PM when the cleaning process starts with 100% capac-
ity since it needs water at 90°C or steam compared to 
20% capacity and around 73°C for the pasteurising heat 
process as in Figure 2. The cleaning process is prefera-
ble at a higher temperature to clean all the possible re-
siduals in all system components such as pipes or heat 
exchangers which may cause serious health issues due 
to the existing pathogens in all dairy products. Indeed, 
not all pasteurising plants have the same working pro-
files since they may have extra processes such as chees-
ing, or packaging. However, this study is concerned 
with the main process of all pasteurising plants.  

The solar thermal system is simulated using the fol-
lowing parameters:

• Different sets of Evacuated-tube collectors
To choose the optimum collector number, an Evac-
uated-tube collector (ETC) is chosen with an 87.8% 
conversion ratio and 1.43 W/m² · K and 0.0038 W/
m² · K² simple and quadratic heat transfer coeffi-
cients. The gross area and the active area of the 
collector are 2.14 m² and 1.31 m² respectively with 
8000 J/m²·K specific heat capacity. Since the study 
is in the upper hemisphere, the solar collectors 
are facing the south with a tilting angle (β) of 72° 
which is the optimum angle for Budapest under 
winter weather conditions according to the solar 
electricity handbook. 

• Collector loop heat exchanger
The maximum heat transferred by the heat ex-
changer depends on the size of the system such as 
the collector area and the process heat demand. 
For our study, the mean logarithmic temperature 
difference (MLTD) is considered to be at 5°K for 
all scenarios.

(a)

(b)

Figure 2. Daily, weekly, and monthly pasteurising profiles
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• Buffer tank
The buffer tank is an unstratified tank with 100 
mm insulation thickness, 0.065 W/m · K thermal 
conductivity, and the expected average daily heat 
loss to be at 7.10 kWh/day. The studied variable 
considering the buffer tank is the height-to-diam-
eter ratio HT/D.

• Auxiliary heater
53.1 kW gas-fired boiler is connected in parallel 
with the buffer tank or series with the secondary 
loop before the process heat section. The capacity 
of the auxiliary heater is oversized since it is not 
only needed for the process heat demand but also 
space heating and domestic hot water supply. The 
efficiency of the boiler is 85% measured based on 
the low heat value. The studied variable here is the 
connection type, in series or parallel. 

• Flow circulation pumps
There are several pumps mounted in the system 
which are needed for circulating the running me-
dium fluid. The first one is mounted in the primary 
loop in two places, the first one between the solar 
collector and the external heat exchanger and the 
second one circulates the fluid between the buf-
fer tank and the external heat exchanger. While 
in the secondary loop there is a circulating pump 
between the process heat and the buffer tank, in 
addition to an extra pump needed in the parallel 
mode between the boiler and the buffer tank. For 
each pump, there is an on/off controlling system 
that generates the signals for each pump. In the 
primary loop, the controlling system generates an 
on signal if the collector’s output temperature is 
above the reference temperature of the tank by 
+8⁰K and generates an off signal if it is +3°K. Two 
variables are studied in this section, which is the 
glycol volumetric ratio and the volume flow rate. 

• Internal and external piping system
The external piping system is the piping parts 
that exist between the buffer tank and the solar 
collectors. While the internal ones are between 
the buffer tank and the process heat. The sizing 
of the pipes is chosen relatively based on 0.5 m/s 
fluid velocities. The piping system is surrounded 
by a thermal insulator which has 0.045 W/m · K 
thermal conductivity and 100% relative thickness 
to the nominal pipe’s diameter. 

• Weather and meteorological data
T*sol uses an external weather acquisition pro-
gram as an external Typical Meteorological Year 
(TMY) file for the studied location. In our case 
study, Budapest is the chosen city, and the weather 
data are acquired between 1986 and 2005. 

Results and discussion 

Required collector area

The modelling is studied for 20 collector areas varying 
from 5 to 100 m² with an incremental step of 5 m². To 
make the comparison, both in series and parallel sys-
tems were modelled while fixing the other variables 
at 50 l/m2 tank volume to solar collector area which is 
recommended for solar heat for industrial processes 
under the climate of central Europe [25]. The relative 
volume flow rate to each square meter of the collector 
area is at 50 l/m²·h as recommended by the literature 
[26]. In the primary loop, the volumetric glycol ratio is 
30% that has 3736 J/kg · K specific heat capacity, and 
it can stand −13°C freezing temperature till −30°C for 
burst protection according to the Hungarian climate. 
Finally, the height-to-diameter ratio of the buffer tank 
chosen to be 1.8 m/m. Above this value, the daily heat 
losses from the tank will be relatively higher due to the 
larger exposed surface to the ambient. 

The results show, as in Figure 3, that in general in se-
ries boiler connection has higher results than in paral-
lel configuration. It is noted that the difference reaches 
its maximum value of 5.8% when the collector area is at 
65 m². At this value in series connection delivers 65.48% 
solar fraction while in parallel delivers 59.68% only. 
According to the designing recommendations from fi-
nancial aspects, the best feasible design should deliver 
between 40–60% solar fraction in winter and summer 
conditions, respectively. As average design value, 50% 
annual solar fraction is the optimum which stands for 
40–45 m² which equals 20 ETC collectors. This design is 
considered an adequate design since it provides more 
than 50% monthly solar fraction between April to Oc-
tober, nevertheless, it does not fall below 25% monthly 
solar fraction for the rest of the year. Taking into con-
sideration the required space, costs, and the potential 
reliability issues which are attributed to large systems 
(in our case between 40–45 m²), this system is an ade-
quate design for the studied pasteurising plant located 
in Budapest, Hungary. For the assumed recommenda-
tions, the solar thermal system consists of a 40 m² solar 
collector filed provides 49.05%, 51.72% in parallel and 
series configuration, respectively. While a system con-
sisting of a 45 m² solar collector field provides 52.27% 
and 55.41% in parallel and series, respectively. In con-
clusion, the differences for 40 m² and 45 m² solar col-
lector fields are 2.67% and 3.14% more solar fraction in 
series mode than in parallel one. 
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Figure 3. Collector area versus solar fraction

Glycol ratio configurations

In the primary loop of the solar thermal systems, the 
solution of a polypropylene glycol-water mixture is 
used to avoid burst and freezing situations in relatively 
cold climates. As the glycol volumetric ratio increases 
in water, the specific heat decreases of the whole mix-
ture since the specific heat of the glycol is less than the 
water. For the comparison, the other variables were set 
at fixed values similar to our first model while changing 
the glycol volumetric ratio. The fixed variables were 50 l/
m² tank volume to solar collector area, 50 l/m² · h rela-
tive volume flow rate, and finally, the height-to-diameter 
ratio of the buffer tank chosen to be 1.8 m/m and 35 m² 
collector area. The glycol ratio varies from 0% (fully wa-
ter solution) to 60% with an incremental step of 5%. 

The results show, as in Figure 4, that in series boiler 
configuration has a higher solar fraction compared to 
in parallel one. Nevertheless, the difference does not 
exceed 0.5% solar fraction at the best scenarios. This 
concludes that the glycol ratio does not affect severely 
the solar fraction in both modes, in parallel and series. 
Anyhow, using glycol mixture in cold climate condi-
tions is a must to avoid freezing and burst problems 
which may stop the entire system. From an energetic 
aspect, we can say that the glycol ratio does not affect 
the results, but we still have to take into consideration 
the mechanical and hydraulic aspects. For the 30% gly-
col volumetric ratio, we noted that the solar system pro-
vides 40.07% solar fraction in parallel mode compared 
to 40.48% in series mode. This concludes that in series 
configurations has 0.42% solar fraction than in parallel 
one. Also, it is noted that the maximum difference is 
at 15% glycol ratio 0.5% more solar fraction, but this 
is below the recommended values from hydraulic and 
mechanical aspects.

Figure 4. Glycol ratio effect on the solar fraction 

Collector flow rate configuration

The effect of the relative flow rate in the collector  var-
ies between 5 to 100 litres per hour for each square me-
ter of the collector gross area with an incremental step 
of 5 l/h · m². The annual and monthly solar fraction 
was modelled for both systems, in series and parallel, 
to conduct the comparison. The other variables were 
fixed at 35 m² solar collector area, 50 l/m² relative tank 
volume to solar collector area, 30% volumetric glycol 
ratio, and finally, the height-to-diameter ratio of the 
buffer tank chosen to be 1.8 m/m. 

The results show as in Figure 5, that in series boiler 
connection generally provides a higher annual solar frac-
tion. The differences are bigger between the two systems 
when the relative flow rate is significant 5–15 l/h · m², 
while it is almost constant between 20–90 l/h · m². The 
difference in the results is more than 2.05% when the 
flow rate is 5 l/h · m², while it is around 0.5% in the range 
of 20–90 l/h · m². According to the recommendation of 
using 50 l/h · m² in the central European climate, we see 
that the difference is 0.42–0.56%.

Figure 5. Relative flow rate effect on the solar fraction
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Relative tank volume 
configuration

Considered as one of the most influential factors in the 
solar system, relative solar tank volume VC/AC is mea-
sured at different ratios from 10 to 300 litres buffer tank 
volume for each collector’s gross square meter area. In 
the meanwhile, the other variables were fixed at a 35 m² 
solar collector area, 50 l/h · m² relative volume flow rate, 
30% volumetric glycol ratio, and finally, the height-to-di-
ameter ratio of the buffer tank chosen to be 1.8 m/m. 

The results show, as in Figure 6, that in general in 
series boiler configurations provides higher solar yield 
than parallel connections. The maximum difference 
occurs when VC/AC equals 20 litres/m² with a 5.1% an-
nual solar fraction difference. According to the central 
and southern Europe recommendations for industrial 
heat process, 50–75 litres/m² is an adequate design. For 
this range, we notice that in series connection provides 
between 0.93–2.05% annual solar fraction. 

Figure 6. Relative tank volume effect on the solar fraction 

Tank height-to-diameter 
configuration 

To compare the two configurations, both systems were 
studied from the aspect of tank height-to-diameter ra-
tio as the variable. While the other parameters were 
fixed at 35 m² solar collector area, 50 l/h · m² volume 
flow rate, and 30% volumetric glycol ratio.

The results show, as in Figure 7, that in general 
in series connection delivers more solar yield than 
in parallel connection. The variations between the 
two configurations are 0.44% on average. For recom-
mended designs at a 1.8 m/m tank height-to-diameter 
ratio, the difference is 0.42% annual solar fraction. 
While for horizontal design at 0.2 m/m, which is not 

common because it utilises more space to mount, the 
difference is 0.57%.  

Figure 7. Tank height-to-diameter ratio effect on the solar 
fraction

Conclusions

Several industrial processes such as food processing re-
quire massive thermal energy demand to generate the 
final product. By utilising solar energy systems, this de-
mand can be partially or totally covered with high solar 
fraction where more than 60% of the energy demand 
temperature is needed below 250°C. Nevertheless, the 
utilisation of solar thermal energy in the industrial 
sector is still below 1% worldwide due to several bar-
riers. It means that any improvement in the designing 
stage can afford better solar fraction and thus wider 
usage. The boiler has a major role in any solar thermal 
system since the solar energy can’t afford the total de-
mand due to the sporadic nature of the solar radiation 
and the boiler compensate the rest of the demand and 
provide a stable flow rate at the required temperature. 
In the paper, we analysed two different boiler configu-
rations for solar heat for industrial process systems to 
check which is the better design, in series or parallel 
design. The results were measured from five different 
aspects using T*Sol software which are: required col-
lector area, glycol ratio, relative flow rate, relative tank 
volume, and tank height-to-diameter ratio. All those as-
pects showed that in series boiler configurations pro-
vides higher solar fraction than parallel configurations. 
According to the recommended designing parameters 
in central Europe, in series configuration are better 
than parallel by 3.14% at 45 m² collector area, 0.45% at 
30% glycol ratio, 0.42% at 50 l/h · m² volume flow rate, 
2.05% at 50 l/m² relative tank capacity, and 0.42% at 1.8 
tank height-to-diameter ratio respectively.
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