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Abstract: In the European Union, the building sector accounts for more than 40% of final energy
consumption, contributing to the deterioration of the quality of the environment. Among the various
solutions that aim to reduce the negative environmental impact caused by the operation of buildings,
solar hot water systems (SHW) are popular. The choice of a SHW system is associated with the comfort
of use and the access to low-cost energy. The design guidelines include the technical parameters for
system operation such as materials, dimensions, sizing and operation temperatures. However, the
legitimacy of choosing a particular solution and the available technical parameters are key issues.
In the presented study, a multi-criteria analysis was proposed as a basis for the proper selection of
system parameters, e.g., collector type, solar tank volume. A model of the SHW system was used to
calculate the possible solutions, ensuring the same comfort of usage for several design options. The
analyzed model was then used for the calculation of three various indicators: Simple Payback Time
(SPBT), Primary Energy consumption (PE) and IMPACT 2002+. The application of a multi-criteria
analysis based on a Life Cycle Assessment allowed for beneficial solutions to be found from the point
of view of economics, non-renewable resources and environmental protection.

Keywords: solar thermal energy; SHW system; multi-criteria analysis; SPBT; EPBT; primary energy;
IMPACT 2002+; LCA; sustainable design

1. Introduction

At present, energy seems to be an essential element for living in a modern society.
The change in our lifestyle observed in recent decades resulted in a significant increase
in energy consumption, especially in the case of the electricity, but also in other forms
such as heat, required to meet the rising housing needs [1–3]. The growing interest in new
renewable technologies in recent years is caused by several issues, such as the depletion
of fossil resources, necessity to reduce air pollution, response to the problem of global
climate change and the social expectations in the field of raising living standards and the
comfortable use of buildings [4,5].

Among the renewable energy sources, solar energy is one of the most popular options
because of several advantages. The energy supplied from the Sun to our planet exceeds
the human demand for energy per year by about 8000 times. In theory, this means that
the electromagnetic radiation from the Sun is able to cover the global demand for energy
without the additional use of other energy sources. This energy is almost unlimited and
does not cause environmental pollution, unlike conventional energy sources. The current
level of radiation energy conversion technology does not allow the Sun’s energy potential
to be utilized in its entirety, which is why there is an aim to improve the devices that convert
solar radiation into heat or electricity. An important disadvantage of using solar energy
potential is that its absorption requires a large amount of space and favorable conditions [6].
The amount of solar radiation reaching the Earth’s surface decreases with many factors,
such as increasing cloudiness, as well as air contamination [7,8].
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In the scientific literature of the last several years, an increasing interest in the subject
of Life Cycle Assessment of solar systems can be observed; this applies to both technological
processes and specific devices or materials. Various Life Cycle Impact Assessment (LCIA)
methods are used. These include: Global Warming Potential (GWP), Cumulative Energy
Demand (CED) and Eco-indicator 99. Some studies deal with the Life Cycle Assessment of
solar energy installations and devices, including domestic hot water preparation systems
and solar collectors themselves.

Over time, there have been significant advancements achieved by various research
groups in the field of solar–thermal systems LCA [9–13]. Some of these include the LCA
analysis of flat solar collectors [14] from raw material extraction, through production
to obtaining a finished commercial product. The environmental load resulting from the
transport of materials to the production plant was also taken into account. This research was
based on the energy and ecological characteristics of the input products. The highest value
of environmental load was connected with the following impact categories: primary energy
consumption and acidification. The energy payback period, understood as the time needed
to recover the energy expenditure incurred for the production of the collector, excluding
the other elements and energy required for operation, was shorter than 1 year [14].

Another study [15] presented the Life Cycle Impact Assessment carried out for a
solar heating installation located in Greece. The production stages of individual elements
of the installation and their impact on the environment were considered. The system
boundaries include the production of raw materials (steel, glass, copper, and aluminum),
operation of the installation and final disposal. The installation consisted of a flat solar
collector with a copper absorber (4 m2) and a domestic hot water tank with a capacity
of 200 dm3. An electric heater was an additional heat source. Studies showed that the
system provided 1702 kWh per year, with solar energy accounting for 58.8% of this value.
An LCIA analysis was carried out using the Eco-indicator 99 method, which showed
that the largest environmental impact came from the solar hot water tank. Moreover, the
greatest environmental burden was connected with the following impact categories: soil
acidification, smog production and impact on global warming.

An environmental analysis was also used for the assessment of the selective surface
for flat-plate solar collectors, which was carried out using the following methods: CED,
GHG (Greenhouse Gas Protocol method based on the set of characterization factors by
Intergovernmental Panel for Climate Change IPCC GWP 100a) and Eco-indicator 99. The
authors compared the conventional method of selective surface production with the latest
production method—roll to roll (R2R).

Research showed that the annual energy demand for the production of 200,000 m2 of
selective surface is equal 7.91 TJ. Additional research based on CED allowed the energy
payback time for R2R production to be determined, which was only 3–4 days. Among the
analyzed factors, copper has the greatest impact on the environment, as it also requires the
highest amount of energy in the production of selective surfaces. The results of the analysis
clearly showed that the production of the selective surface for flat-plate solar collectors with
the conventional method was much more harmful to the environment than the production
by means of the roll-to-roll method [16].

A study in Munich (temperate climate conditions) presented an analysis of the life
cycle of two hot water preparation systems with glazed solar collectors and unglazed
polypropylene collectors. The Eco-indicator 99 method was used to assess the entire life
cycle. The main components of both systems were solar panels and a 300 dm3 buffer tank.
The glazed panel consisted of an outer aluminum frame, two layers of mineral wool, a
copper absorber and a copper alloy absorber piping system. The whole construction was
hermetically closed with 4 mm thick transparent glass. In contrast, the plastic collector
considered in this study was a polypropylene strip 7 mm thick, 313 mm wide and of
variable length, which allowed the panel to be modular. The duration of the operation
of both installations was 10 years. For glazed solar collectors, the calculated index was
49.7 points, while for plastic collectors it was 18.7 points. The largest share here was the
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use of fossil fuels: 52% and 68%, respectively. On the other hand, the GWP calculated
over a period of 100 years was 1670.92 kg CO2eq for a glazed solar collector and 105.06 kg
CO2eq for a plastic collector. The economic payback time, in comparison to the natural gas
boiler, is in the range 9–11 years/8–13 years for the system with unglazed/glazed panels,
respectively [17].

To conclude, it should be emphasized that the analyses carried out so far concern
the production of materials, the entire life cycle of the installation or case studies [18–21];
however, attention is rarely paid to proper design parameters. In the literature, few research
works address the topic of the life cycle of installations that operate under the temperate
climatic conditions, such as the Polish climate, and relate to a long-term perspective.
The present study significantly supplements the current state of knowledge due to the
implementation of the selected design criteria into the analyzed model of life cycle.

2. Materials and Methods

In the current study, an attempt to conduct a holistic, multi-criteria analysis of a solar
thermal system was presented in order to set the designer’s guidelines and frames for cor-
rect system selection. A typical installation of solar hot water system (SHW), supported by
an electric heater in the winter period was chosen as the subject of the analysis. The scheme
of the typical solar installation is presented in Figure 1. The analysis included 6 variants of
installations located in Central Europe (Poland, Łódź: 51.759247◦ N, 19.455982◦ E), with
orientation towards the south (azimuth 0◦) and inclination of 40◦. The daily domestic hot
water demand was assumed at constant level of 180 L. The characteristics of the technical
parameters for different variants of installations are shown in Table 1. The aim of the
modeling was to estimate the influence of selected design parameters (type of collector,
piping and water tank capacity) on the economical, energetic and environmental aspects of
SHW operation.

Figure 1. Scheme of the simulated installation.
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Table 1. Technical parameters of the analyzed system variants.

Variant of
Installation Solar Collector Absorber

Area Pipes Water Tank Solar Energy Annual
Efficiency

- - m2 - dm3 kWh/yr %

Variant I Flat-plate, CU absorber 4.66 Copper 200 1602 30
Variant II Flat-plate, CU absorber 4.66 Copper 250 1627 30.5
Variant III Flat-plate, CU absorber 4.66 Steel (corrugated) 200 1576 29.5
Variant IV Flat-plate, CU absorber 4.66 Steel (corrugated) 250 1600 30
Variant V Heat pipe 4.29 Copper 200 1842 37.5
Variant VI Heat pipe 4.29 Copper 250 1865 37.9
Variant VII Heat pipe 4.29 Steel (corrugated) 200 1810 36.8
Variant VIII Heat pipe 4.29 Steel (corrugated) 250 1834 37.3

The base scenario for comparison with the design options included an electric heater,
while the annual electricity consumption equaled 2727 kWh. Modeling of solar energy
gains was performed by using GetSolar software (Hottgenroth Software GmbH & Co. KG,
Germany), a popular tool using f-chart-based estimation of energy gains from SHW systems
in a chosen location (Łódź, Poland), characterized by the total annual solar radiation of
3710.8 MJ/m2 and the average annual total insolation of 1560.4 h.

The main inputs to the analysis include: solar irradiance on collector plane and
ambient temperature data (from WetSyn weather data synthesis program integrated with
GetSolar software), type of solar system (single, combined, etc.), collector parameters
(including optical efficiency and collector area), heat losses, water tank volume, inclination
and azimuth, mass flow of solar fluid, pipes length and pipes diameter. The more detailed
description of the f-chart model can be found in [22].

A detailed inventory, based on cost of materials and energy consumption estimated for
every variant of system, was then used for the detailed Life Cycle Assessment. Modeling
of the life cycle was based on the use of SimaPro v. 8.0.5.13 software (PRE Consultans,
Amersfoort, The Netherlands) and Ecoinvent v. 3 database (Ecoinvent Assoiation, Zurich,
Switzerland), which was used for the description of unit processes. Life Cycle Impact
Assessment was performed by means of the the IMPACT 2002+ and CED v. 3 methods.

The IMPACT 2002+ method allows for the assessment of environmental stress con-
nected with the life cycle of the solar system. The indicator (expressed in points: Pt) links all
types of inventory results throughout the fourteen midpoint categories into four main dam-
age categories: Human Health, Ecosystem Quality, Climate Change and Resources. The
higher the indicator calculated by using this method, the greater the environmental impact
of the system [23]. The functional unit was 1 kWh of energy generated by the system.

Cumulative Energy Demand (CED) method was used to estimate the total primary
energy consumption (expressed in MJ) of the solar system throughout its entire lifetime,
including the direct and indirect energy streams associated with the particular phases of
life cycle [24].

For the validation of final results in CED, Monte Carlo statistical simulations (lognor-
mal distribution) were implemented in order to compare the possible error between the
achieved results.

In the multi-criteria analysis, the economic and environmental issues were discussed
according to the following scheme. Firstly, Simple Payback Time (SPBT) was calculated
for every variant of installation according to the definition, expressing the total cost of
investment and operation divided by yearly savings [11].

In the next step, Energy Payback Time (EPBT) was calculated as a basis for technologi-
cal foundations of the functioning of the system. EPBT was based on the CED results: in
this case, statistical processing of data was a basis for the determination of the confidence
interval. In the third part of evaluation, IMPACT 2002+ was calculated as an environmental
criterion. The results obtained during the mentioned stages were then evaluated to indicate
the most advantageous option with the use of the Weighted Sum Method.
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3. Results

In the following subsection, the results of the economic, energetic and environmental
evaluation of the analyzed SHW systems are presented with special attention paid to the
financial and energetic payback times, as well as to the environmental damage categories
affected by the production and operation of the systems. All of the detailed calculations are
finally used to evaluate the selected installation options based on the ratings awarded in
the multi-criteria analysis.

3.1. Solar Hot Water Systems: Economic Evaluation

The economic evaluation of the SHW system in variants I–VIII was based on the
on-line price catalogues and average market cost of installation, with the use of direct
contact with the owners and investors. The data on the operation of the installation and
service costs were obtained from the users of the installation in the form of an interview
confirmed by billing documentation.

The pump operation cost was based on the measured energy consumption in a 3-year
operation period of heat-pipe collector installation [11] and the price of energy in Poland
in 2018 (0.5055 PLN/kWh recalculated to 0.1113 Euro/kWh) according to the Energy
Regulatory Office [25].

According to the data presented in Table 2, the Simple Payback Time in the basic
option (investment cost covered by the owner only) exceeds 11 years in all of the variants,
assuming a constant price of electricity. However, while considering the popular support
programs such as Prosument 2, the payback time may be shorter. In this case, financing
the investment by taking up credit is a clear approach, which may worsen the presented
results. In the case of the support programs financed by the local authorities, where the
discount may reach 70%, SPBT decreases by almost threefold to 4.1 years in the most
effective options of installation.

Table 2. Results of economic evaluation for the analyzed system variants.

Variant of
Installation

Investment
Cost

Pump Operation
Cost

Servicing/Utilization
Cost Savings SPBT * SPBT ** SPBT ***

- Euro Euro/yr Euro Euro/yr Years Years Years

Variant I 1795.43 13.56 220.26 164.8 12.2 9.8 4.6
Variant II 1998.07 13.77 220.26 167.4 13.3 10.5 4.9
Variant III 1759.91 13.34 220.26 162.1 12.2 9.8 4.6
Variant IV 1962.56 13.54 220.26 164.6 13.3 10.6 4.9
Variant V 1871.53 15.59 220.26 189.5 11.0 8.8 4.1
Variant VI 2074.17 15.78 220.26 191.9 12.0 9.5 4.4
Variant VII 1836.01 15.32 220.26 186.2 11.0 8.8 4.1
Variant VIII 2038.66 15.52 220.26 188.7 12.0 9.5 4.4

*—own investment, **—Prosument 2 program, 30% discount, 10 years credit, ***—local programs with
70% discount.

3.2. Solar Hot Water Systems: Energy Balance

Energy balance of the SHW system was considered with the use of the CED method, as
well as the calculation of the energy generated by the solar system. It is worth underlining
that the predicted energy consumption in the 20-year operation period was included in the
calculation, according to Figure 2.
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Figure 2. Energy balance of one-year operation of system according to the applied model.

The obtained EPBT results (Table 3) are higher than in some literature studies [17].
This may be caused by both the differences in solar irradiation, as well as the type of system
and source of energy used for pumping. In all the considered cases, the EPBT indicator
was significantly shorter than the predicted lifespan, assumed as 20 years.

Table 3. Results of energetic and economic evaluation.

Variant of
Installation CED Energy Generated EPBT

MJ MJ/yr Years

Variant I 50,513.62 5767.20 8.76
Variant II 51,545.74 5857.20 8.80
Variant III 50,849.69 5673.60 8.96
Variant IV 51,364.05 5760.00 9.00
Variant V 53,830.63 6631.20 8.12
Variant VI 54,819.90 6714.00 8.17
Variant VII 54,038.12 6516.00 8.29
Variant VIII 55,048.82 6602.40 8.34

The results of LCIA conducted using CED indicator were subjected to a sensitivity
analysis by means of the Monte Carlo statistical method (Figure 3). All system inputs and
outputs were successively changed in the frames of standard deviation in 1000 trials, which
allowed the scale of possible error to be shown in the calculations. The confidence level
was assumed as 95%. In all the variants, the scale of possible error was similar, and the
statistical distribution was positively skewed with a higher mean than the median in all
analyzed cases.

3.3. Solar Hot Water Systems: Environmental Impact Indicators

The impact on the environment, considered as ecosystems, resources, human health
and climate change, was assessed with the IMPACT2002+ method. The results of the impact
assessment stage, recalculated to the functional unit (1 kWh of energy generated by the
system) are presented in Figure 4. The share analysis on the level of processes shows that
the electricity used for pumping is the most influential process in the SHW system life
cycle. Other important elements include solar collectors and water tanks due to the high
consumption of materials.
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Figure 3. Results of CED calculation with the statistical error based on the Monte Carlo analysis.

Figure 4. Results of IMPACT 2002+ calculation per functional unit, Pt/kWh.

According to the share analysis on the damage categories level, the results obtained
for the analyzed systems are similar for Variants I-VIII, with the highest contribution from
the Human health, Climate change and Resources categories. This is caused mostly by the
similarities in construction and the supporting conventional energy used (Figure 5).

3.4. Solar Hot Water Systems: Multi-Criteria Analysis

The analysis performed in this study aimed to compare several alternatives of solar
hot water system construction on the basis of SPBT, EPBT and IMPACT 2002+ indicators.
Assuming equal weights for all the analyzed criteria, the MCA results were presented by
means of the Weighted Sum Method indicator as a percentage of the difference between the
actual and minimal parameter related to the difference between the maximal and minimal
parameter (Table 4).
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Figure 5. Share analysis of IMPACT2002+ indicator on damage category level.

Table 4. Results of multi-criteria evaluation.

Variant of
Installation SPBT EPBT IMPACT 2002+ WSM Result

- Years Years Pt/kWh %

Variant I 4.6 8.8 0.040 68%
Variant II 4.9 8.8 0.040 85%
Variant III 4.6 9.0 0.041 83%
Variant IV 4.9 9.0 0.042 100%
Variant V 4.1 8.1 0.035 0%
Variant VI 4.4 8.2 0.036 16%
Variant VII 4.1 8.3 0.036 13%
Variant VIII 4.4 8.3 0.037 29%

According to the data in Table 4, the best option is Variant V of installation, where all of
the analyzed parameters were minimal due to the high efficiency of the system. Conversely,
Variant IV can be assessed as the worst due to the longest payback periods and the highest
environmental impact indicator. Following the specification of the analyzed systems, one
can state that the most meaningful parameter is the type of solar collector. This contributed
to approximately a 60% difference between systems (Variant I–IV vs. Variant V–VIII). The
other analyzed parameters, such as water tank capacity (16–17% difference), and pipe
material (13–15%) were also important. In turn, compared to the literature values, the
analyzed solutions are characterized by higher payback times. This is connected with the
method of analysis, e.g., covering the additional conventional energy spent on system
operation, as well as various climate conditions.

4. Conclusions

According to the presented results, the most favorable solution included a heat-pipe-
evacuated tube collector, copper pipes and 200 dm3 water tank. Although the selection of
a higher-capacity tank led to the optimization of solar energy conversion efficiency, the
increase in this parameter was not crucial for the conducted research. However, it should
be underlined that the values of the calculated indicators are comparable for all cases. For
example, the payback times for both energy and financial inputs differed by no more than
11 months. Therefore, the analyzed systems can be assessed as green solutions, significantly
minimizing the environmental impact connected with conventional energy usage.

The multi-criteria analysis, covering several aspects of systems’ life cycle, can be used
as a tool for the optimization of their selection in the green designing process. More-



Energies 2022, 15, 65 9 of 10

over, the additional criteria used for sustainable designing can significantly improve the
environmental balance of the analyzed technologies.
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