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• Across the climatic regions, N80% of the
annual hot water demand can be met
by SWH.

• Environmental impacts of SWH are
1.5–2 times lower than from gas boilers.

• The exception is acidification in the
colder regions which is four times
higher.

• SWH systems would reduce the annual
GHG emissions in Turkey by
790 kt CO2-eq.

• They would also save $162.5 million
per year by avoiding the imports of
natural gas.
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Solar water heating (SWH) systems could help reduce environmental impacts from energy use but their perfor-
mance and impacts depend on the climate. This paper considers how these vary for residential SWH across four
different climatic regions in Turkey, ranging from hot to cold climates. Life cycle assessment was used for these
purposes. The results suggest that in the hotter regions, the impacts of SWH are 1.5–2 times lower than those
of natural gas boilers. A similar trend was observed in the two colder regions except for acidification, which
was four times higher than that of the boiler. The raw materials and electricity required for the manufacturing
of the systemswere found to be themost important contributors to the impacts. Recycling themajor components
instead of landfilling reduced human toxicity potential by 50% but had only a small effect (5%) on the other im-
pacts. The impacts were highly sensitive to the type of material used for the construction of the hot storage tank,
but were not affected by transport and end-of life recycling. The only exception to the latter is human toxicity po-
tential which decreased significantly with greater recycling. Extrapolating the results at the national level
showed that SWH systems could reduce the annual greenhouse gas emissions in Turkey by 790 kt CO2-eq. and
would save the economy $162.5 million per year through the avoided imports of natural gas. All other impacts
would also be reduced significantly (3–32 times), except for acidification which would double. Therefore, SWH
systems should be deployed more extensively in Turkey but government incentives may be needed to stimulate
the uptake.
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1. Introduction

Buildings are the biggest consumers of energy worldwide, using
more than a third of all final energy and half of global electricity (Cao
et al., 2016; IEA, 2013a). In some regions, particularly those in develop-
ing countries which are dependent on traditional biomass sources, en-
ergy use in buildings represents up to 80% of total final energy use
(IEA, 2013a). The majority of energy used in buildings in China
Europe, and the US is due to heating, both space and water (IEA,
2013a). Globally, coal and natural gas are the predominant sources of
space and water heating in buildings and are responsible for significant
greenhouse gas emissions (Koroneos and Nanaki, 2012). For instance,
45% of the CO2 emissions in theUS are caused by energy use in buildings
(Barnes and Parrish, 2016).

Different measures can be taken to reduce energy use in buildings.
Some examples include using effective insulation materials, applying
passive heating design, choosing energy-efficient home appliances,
and supplying energy from renewable sources (Harvey, 2009). Amongst
the renewable energy sources, solar water heaters (SWH) have become
globally widespread. A SWH system comprises a solar collector, a stor-
age tank, and pipelines. Inmost cases, the collector ismade of a cylindri-
cal glass tube with a special heat-absorbing coating, coupled with a
copper coil that is placed inside the glass tube, through which water
flows (Al-Madani, 2006; Jamar et al., 2016). By the end of 2014, the
global installed capacity of SHW was 410.2 GWh, corresponding to a
total of 586 million m2 of collector area (IEA, 2014). The leading coun-
tries in cumulativewater collector capacity in operation per 1000 inhab-
itants are Austria (419 kWh), Cyprus (412 kWh) and Israel (400 kWh).
On a per-capita basis, Turkey is ranked 9th globally with 162 kWh/1000
inhabitants, but in absolute terms, Turkey is the 3rd largest producer
and 2nd largest user of SWH systems worldwide (Altuntop and
Erdemir, 2013).

N90% of Turkey's primary energy demand is supplied by fossil fuels
(IEA, 2013b) and only 28.5% of the primary energy demand is met by
local means (Turkyilmaz, 2015). Turkey has very limited oil and natural
gas resources, thus she has to import the bulk of these fuels. Almost all
(99%) annual consumption of natural gas and the large majority (89%)
of oil consumption in Turkey are met via imports (Republic of Turkey
- Ministry of Foreign Affairs, 2016). The average annual cost of energy
imports in Turkey is approximately $56 billion (Incecik, 2015). The
only considerable local source of conventional energy is lignite; howev-
er the general quality of Turkish lignite is very low, with high sulphur
and ash contents (Atilgan and Azapagic, 2015; Üçtuğ, 2017). Hence,
minimising the use of fossil fuels is of utmost importance to Turkey,
from both socio-economic and environmental points of view.

Turkey has a significant solar energy potential of 380 TWh per
annum (Turkyilmaz, 2015). One study (WEC, 2009) revealed that in
17% of the country (mostly in theMediterranean and Southeast Anatolia
regions in the south), SWH systems can provide 100% of typical domes-
tic hot water needs. Furthermore, in 94% of the country, 80% of domestic
hot water needs can be met by SWH systems. Between 1998 and 2009,
the output of solar energy in Turkey (excluding electricity from solar
photovoltaics (PV)) has increased at an average annual rate of 10%, al-
though the increase has slowed down in the recent years. It is estimated
that the total collector area in use in Turkey is approximately
20millionm2 and almost 20% of the residential buildings in the country
have SWH systems installed (Altuntop and Erdemir, 2013). The contri-
bution of SWH systems to the Turkish economy is estimated to be
around $1 billion per year. Most of the systems in Turkey are based on
flat-plate collectors and gravitational flow systems. The evacuated-
tube collector, the most popular SWH type in China, is relatively rare
(Altuntop and Erdemir, 2012).

The performance of SWH systems is dependent on the climate and
can vary significantly from region to region, affecting not only their en-
ergy output but also their environmental impacts. Several studies con-
sidered life cycle impacts of SWH in countries with different climates,
including in Greece (Koroneos and Nanaki, 2012; Tsilingiridis et al.,
2004), France (Lamnatou et al., 2015), Italy (Ardente et al., 2005),
Switzerland (Simons and Firth, 2011), the UK (Greening and Azapagic,
2014), and the US (Hang et al., 2012). Koroneos and Nanaki (2012) car-
ried out a life cycle assessment (LCA) of a SWH system with electricity
used as an auxiliary source of energy in the Greek city of Thessaloniki.
The authors estimated the environmental impacts of themanufacturing
and assembly of the SWH system and found that acidification and win-
ter smogwere the twomost significant environmental impactswith the
heat storage tank being the main contributor to the overall impacts. In
another study in Greece, Tsilingiridis et al. (2004) compared the life
cycle environmental impacts of a thermosiphon-type domestic SWH
system to those of electrical and gas heating systems. Unlike Koroneos
and Nanaki, they applied a cradle-to-grave approach to estimating the
impacts. Their results showed that copper and steel used to manufac-
ture the system were the main environmental hotspots. They also
found that a natural-gas heating system had a lower overall environ-
mental impact when compared to the hybrid solar-electrical system,
mainly because of the contribution of electricity rather than solar
energy.

In a study of environmental impacts of SWH systems in Corsica,
France, Lamnatou et al. (2015) discovered that the parallel configura-
tion of the collectors can significantly improve the environmental per-
formance of the system compared to the series arrangement. The
study based in the Italian city of Palermo (Ardente et al., 2005) consid-
ered five different scenarios for electricity supply to a SWH system:me-
dium and low voltage, average Italian mix, regional electricity mix, and
average European mix. The SWH system dependent of the Italian elec-
tricity mix was found to have the highest environmental impacts.

Simons and Firth (2011) estimated life cycle environmental impacts
of supplying the entire thermal energy requirements of an apartment
building in Switzerland using water-based sensible heat storage. They
found that, with the use of SWH systems, it was possible to reduce the
consumption of commercially-sourced primary energy by 84% to 93%,
also reducing CO2 emissions by 59% to 97%. However, their study also
revealed that the impacts of SWHon the ecosystem quality were higher
than those of heat pumps and fossil fuel-based systems due to the high
abiotic resource depletion. Human health impacts, on the other hand,
were found to be similar to those of heat pumps and lower than those
of fossil fuel and biomass boilers.

In a UK-based LCA study, Greening andAzapagic (2014) investigated
whether domestic SWH systems are an environmentally sustainable
option for locations with a relatively low solar radiation. They found
that, compared to gas boilers, solar thermal systems were a better op-
tion for only five out of 11 environmental impacts considered, with
global warming and depletion of fossil resources being lower by 88%
and 83%, respectively. However, other impacts, such as human and
eco-toxicity, were up to 85% higher. The impacts of SWH systems
were affected by the need for a back-up heating system, typically gas
boiler. The authors concluded that for this reason, as well as because
of a lack of suitable locations and poor efficiency, the potential of SWH
systems to contribute to a more sustainable domestic energy supply in
the UK was limited.

Finally, Hang et al. (2012) studied the impacts of flat- and
evacuated-plate collectors in three different locations in the US and
compared their findings to the impacts from conventional fossil fuel-
based boiler systems. They found out that flat-plate SWH systems
using natural gas auxiliary heater had the best performance energetical-
ly and economically. The only environmental impact they investigated
was the global warming potential and the results were highly sensitive
to the daily water consumption and collector area.

As far as we are aware, there are no other studies of environmental
impacts of SWH in Turkey. To our knowledge, there are only two
other studies related to the applications of SWH in Turkey: Benli inves-
tigated the potential of solar water heating from domestic applications
in Turkey (Benli, 2016)whereasMuneer et al. investigated the potential
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Fig. 2. An illustration of the direct thermosiphon solar water heating system.
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Fig. 1. Climatic regions in Turkey (Ekici et al., 2012; Ucar, 2010) considered in this work. [The position of the numbers in the figure denotes the location of the cities: 1= Antalya;
2 = Istanbul; 3 = Ankara; 4 = Erzurum].
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of solar water heating for Turkish textile industry (Muneer et al., 2008).
However, both of these studies were concerned with determining the
potential of solar water heating in Turkey and did not involve any envi-
ronmental impact analysis.

It is alsoworthmentioning that solar energy can be used for residen-
tial cooling, either coupledwith SWHor as an independent system. Sev-
eral LCA studies of solar cooling systems are available in the literature
(Longo et al., 2017; Beccali et al., 2016a, 2016b; Beccali et al., 2014;
Beccali et al., 2012a, 2012b; Finocchiaro et al., 2016). However, as this
research focuses on solar water heaters, discussion of solar cooling sys-
tems is outside the scope and is not considered further.

In this study, we consider life cycle environmental impacts of
obtaining hot water for buildings from SWH systems in four regions in
Turkey with different climatic conditions to investigate how these
may affect the impacts. The results are compared to the impacts from
natural gas boilers, a typical alternative source of domestic heat, as
well as to the above-mentioned studies in different countries. The
methodological details regarding the study, including the scope, the
functional unit, and the assumptions, can be found in the following
section.

2. Methods

The environmental impacts were estimated using LCA, following the
methodological guidelines in the ISO 14040 and ISO 14044 standards
(ISO, 2006a; ISO, 2006b). CCaLC LCA software (CCalC, 2016) was used
to model the system and estimate the impacts according to the CML
2001 method (Guinee et al., 2001). The following impacts can be esti-
mated in CCaLC and were considered in this study: global warming po-
tential (GWP), acidification potential (AP), eutrophication potential
(EP), photochemical oxidants creation potential (POCP), ozone layer de-
pletion potential (ODP), and human toxicity potential (HTP). In addi-
tion, the net energy gain of the SWH systems was also calculated. The
next sections describe the goal of the study, system boundaries, the as-
sumptions, and data.

2.1. Goal and scope definition

The goals of this study were:
i) to estimate life cycle environmental impacts of supplying domes-
tic hot water to households via a SWH system;

ii) to compare the impacts from the SWH system to those from the
most common conventional source of domestic hot water – nat-
ural gas boilers; and

iii) to estimate the environmental implications of utilising SWH at
the level of the whole country.

Four different climatic regions were chosen to examine the effect on
the impacts related to thedifferent heat requirements,which in turnde-
pend on climatic conditions. The selected regions correspond to the four
climatic regions in Turkey as follows (see Fig. 1):

1. Region 1 is characterised by long, hot summers with plenty of sun-
shine and warm, rainy winters;



Table 1
An overview of the SWH system considered in the study.

Parameter (unit) Value

Direction South
Collector type Flat plate (roof top)
Net collector area (m2) 2.25
Storage tank capacity (litres) 200
Hot water temperature (°C) 60
Average daily water requirement by household (l) 100
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2. Region 2 has hot and moist summers and cold winters, with occa-
sional snowfall;

3. Region 3 is also characterised by hot and arid summers, but much
colder winters than Region 2 with plenty of snowfall; and

4. Region 4 has short, cool summers and very long and very cold win-
ters with extreme snowfall.

In each region, the main city was selected as a study location; these
were Antalya (Region 1), Istanbul (Region 2), Ankara (Region 3), and Er-
zurum (Region 4).

The system boundary was from cradle to grave, comprising extrac-
tion and production of rawmaterials for the SWH system, its manufac-
ture, operation, maintenance and end-of-life management. All the
transportation steps between these stages were also considered. The
functional unit was defined as the ‘total energy supplied by the SWH
system for the domestic hot water requirements of a typical four-
person Turkish household over the lifetime of the system’. This size of
the household is congruent with the average household size in Turkey
of 3.6 people (Anon., 2014). The amount of hot water required for
such a household is 100 l per day at a temperature of 60 °C (Kokturk,
2008). However, based on the definition of the functional unit, the
same SWH system will generate a different amount of hot water in dif-
ferent regions, as detailed further on. The lifetime of the SWH systems
was assumed at 25 years (Greening and Azapagic, 2014).
Table 2
Inventory data for the manufacture and use of the SWH system.

Stage Inputs Am

Manufacture
Collector Aluminium (frame)a 1.8

Steel (piping)a 4.1
Copper (balance of plant)a 2.8
Corrugated board for packaginga 3.6
Tempered glass (collector)b 22.
Polyurethane foam (insulation)b,d 2.4
Propylene glycol (heat exchanger)e,f,g 1.1
Water (heat exchanger)a,d,f 1.3
Water for production processesa 9.4
Steel (heat exchanger tubes)d,e 15.
Steel (heat exchanger pump)d,h 3.0
Electricity for the production of the systema 4.1

Storage tank Steel (tank)b 79.
Steel (piping)e 7.6
Bronze (valve)e 0.2
Iron (valve)e 0.0
Polyurethane foam (insulation)d,e 2.8
Electricity (steel sheet rolling)b,e,h 509
Electricity (heat exchanger pump)d,g 540

Operation & maintenance
Propylene glycolf 4.7

a Hang et al. (2012).
b Demirdöküm (2013).
c Only applies to the landfilling scenario; in the recycling scenario, it was assumed that recy
d A heat exchanger was added to the SWH system in Regions 3 and 4 and the amount of th
e TÜV (2013).
f The initial amount used during the manufacturing of the system, fully replaced every fi

in addition to the initial amount added in the manufacturing stage) – see the “Operation
g Lamnatou et al. (2015).
h Based on Atilgan and Azapagic (2016) but updated to the electricitymix in 2015 (37.9% natu

1.3% geothermal, 0.9% fuel oil, 1% other).
2.2. Inventory data

2.2.1. The SWH system
A flat-plate collector of the thermosiphon-type was considered in

this study as such systems occupy the largest market share in Turkey
(Altuntop and Erdemir, 2013). As shown in Fig. 2, the system consists
of a collector and a hot-water storage tank (HWST). The water is circu-
lated through the system by natural convection, eliminating the need
for a pump and minimising the energy input. The collector is mounted
on a rooftop, facing south, with a typical area of 2.25 m2

(Demirdöküm, 2013); the HWST volume is 200 l (Table 1). The water
storage capacity was deliberately kept higher than the average daily re-
quirement of the household in order to account for fluctuations in the
daily consumption due to seasonal changes. In Regions 3 and 4, a heat
exchanger with propylene glycol was added to the system to prevent
freezing of the water inside the collector; for the same reason, the
amount of the insulation material for the collector and tank was dou-
bled. Propylene glycol was assumed to be replaced every five years
(Greening and Azapagic, 2014; Ardente et al., 2005) over the 25-year
lifetime of the SWH. The same replacement interval was also assumed
for the water used as a heat-transfer fluid in the heat exchanger. Elec-
tricity required for the operation of the heat exchanger pump was also
considered.

The inventory data for the SWH system, detailed in Table 2, were ob-
tained mainly from a Turkish manufacturer (Demirdöküm, 2013) and
their related study on the system's performance (TÜV, 2013); themiss-
ing data were supplemented from the literature (Hang et al., 2012). The
environmental impacts of the Turkish electricity mix used in the
manufacturing processes were updated from an earlier study (Atilgan
and Azapagic, 2016) using electricity generation data for the year
2015 (Turkyilmaz, 2015). The background data were sourced from
Ecoinvent 2.2 (Ecoinvent, 2017).

The transport data are summarised in Table 3. The system is
manufactured in the town of Bozüyük in Bilecik province of Turkey
ount Ecoinvent dataset

0 kg Aluminium production, primary, ingot, global
4 kg Chromium steel, primary, 18/8, at plant
2 kg Copper, at regional storage
8 kg Corrugated board, mixed fibre, single wall, at plant, Europe
5 kg Flat glass (virgin), coated, at plantc; flat glass, tempered
3 (4.86) kg Polyurethane, flexible foam, at plant
9 kg Propylene glycol, liquid, at plant
8 kg Water, completely softened, at plant
0 kg Tap water, at user, RER
23 kg Chromium steel 18/8, at plant
0 kg Chromium steel 18/8, at plant
8 MJ Turkish electricity mixe

00 kg Steel, low alloyed, at plant
4 kg Stainless steel, hot rolled coil
4 kg Bronze, at plant
1 kg Cast iron, at plant
3 (5.66) kg Polyurethane, flexible foam, at plant
.50 MJ Turkish electricity mixe

0 MJ Turkish electricity mixe

6 kg Propylene glycol, liquid, at plant

cled glass is used.
e insulation material was doubled (values shown in brackets for the polyurethane foam).

ve years during maintenance (four times over the 25-year lifespan of the SWH – this is
and maintenance” stage in the table.

ral gas, 25.7% hydroelectricity, 15.3% imported coal, 12% lignite, 4.5%wind, 1.4% anthracite,



Table 3
Transport data for the major raw materials and the SWH system.

Material/
SWH system

Origin Destination Transport modea Distance
(km)

Aluminium Seydişehir, Konya Bozüyük Lorry (N16t) 397
Steel Ereğli, Zonguldak (via Ankara) Bozüyük Rail freight 550
Copper Ereğli, Zonguldak (via Ankara) Bozüyük Rail freight 550
Polyurethane foam Polatlı, Ankara Bozüyük Lorry (N16t) 204
Tempered glass Gebze, Kocaeli Bozüyük Lorry (N16t) 179
SWH system Bozüyük Antalya (Region 1) Istanbul (Region 2) Ankara (Region 3) Erzurum (Region 4) Lorry (N16t)

Lorry (N16t)
Lorry (N16t)
Lorry (N16t)

441
234
282
1164

a Life cycle inventory data for all transport were sourced from Ecoinvent 2.2.
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(Demirdöküm, 2010). The transportation distances for the major raw
materials used in the manufacturing process were determined by iden-
tifying the location of the nearest plant where each material is
manufactured. For the minor raw materials not listed in Table 3, it was
assumed that the manufacturing takes place in the vicinity of Bozüyük,
for which transport was not considered.

For end-of-life treatment, two different scenarios were considered,
as specified in Table 4. In the first, all the components were assumed
to be landfilled, whereas in the second, the recyclable components
(steel and aluminium) were recycled. No information on the recycling
of flat glass was found, so instead data for the recycling of glass bottles
were used. Furthermore, no informationwas found on copper recycling
which is hence not considered. Although scenarios 1 and 2 may appear
similar to a certain extent (see Table 4), when the share of steel and
glass within the system is taken into account, whether these twomate-
rials are landfilled or recycled could make a significant difference.

The system was credited for the recycling of steel (World Steel
Association, 2011) and aluminium (Paraskevas et al., 2015). In order
to identify the maximum possible effect of recycling on the environ-
mental impacts, a maximum recycling rate of 100% was assumed in
the base case – the effect of different recycling rates was later studied
as part of the sensitivity analysis. The efficiency of the recycling process
(output divided by its input) was also taken into account when
crediting the system for the recycled materials. For glass, the recycling
efficiency was taken as 100% whereas for steel and aluminium, a value
of 85% was assumed (World Steel Association, 2011). Only the major
components of the system were considered in the recycling or disposal
analysis andminor components, such as iron or bronze, were neglected
due to a lack of data.

2.2.2. Estimation of energy output from the SWH system
The energy requirement for the daily domestic hot water supply to

the household was calculated as follows:

QHW ¼ _VHW � Cp;w � ρw � Th;o−Tc;i
� �

Wð Þ ð1Þ

where:
QHW daily energy requirement for the household domestic hot

water supply (W)
Table 4
End-of-life data for the SWH system.

Material Landfillinga Recyclinga

Steel Disposal of inert material to landfill Treatment of wa
Aluminium Disposal of aluminium to sanitary landfill Treatment of alu
Copper Disposal of copper, municipal incineration Disposal of copp
Tempered glass Disposal of inert material to landfill Glass recycling, i
Polyurethane foam Disposal of polyurethane foam to landfill Disposal of polyu

a The processes shown for each scenario refer to the specific Ecoinvent 2.2 datasets used for
b The values in square brackets refer to Regions 3 and 4, where the amounts of steel and po
c Based on literature data (Glass Packacing Institute, 2010; Vossberg et al., 2014).
_VHW daily requirement of domestic hot water (100 l/day)
Cp, w average specific heat of liquid water (4.18 kJ/kg·°C)
ρw average density of liquid water (1000 kg/m3)
Th, o temperature of hot water at the outlet of the collector (°C)
Tc, i temperature of cold water at the inlet into the collector (°C).

While Th, owas kept constant at 60 °C in all calculations, Tc, i depends
on the location and the timeof the year and is therefore a variable. These
values are provided in Table 5, together with the solar irradiation in the
selected locations in Regions 1–4. Both thewater inlet temperature and
solar irradiation datasets were obtained from the literature (Abuska,
2012). The typical overall efficiency of flat-plate collector SWH systems,
defined as the percentage of the heat transferred towater relative to the
incoming solar energy, was assumed at 70% (Chen et al., 2012; Viridian
Solar, 2016). Theway the efficiency is defined in this studymeans that it
is independent of where or at what conditions the SWH unit is used.
Therefore, all the SWH in all the regionswould have the same efficiency.
However, this does notmean that the energy output of the SWH system
would be the same everywhere because different regions would have
different insolation values. Although the heat losses from the SWH
would change from location to location due to the variation in the am-
bient temperature and, consequently, the efficiencymay vary, this effect
was neglected assuming that the systemwaswell-insulated. It was also
assumed that the daily requirement for hot water did not change in dif-
ferent regions. This assumption is valid as the focus is on the supply of
domestic hot water and not on hot water for space heating, which
would vary with location.

After calculating the energy requirement using Eq. (1) for each
month in each location, the energy provided by the 2.25 m2 SWH sys-
tem was calculated based on the average monthly solar irradiation
value in each location and the typical overall efficiency of the SWH sys-
tem, as follows:

Qout ¼ 2:25� 0:7� ASI kWh=dayð Þ ð2Þ

where:
Qout energy provided by the SWH system on a daily basis (kWh/

day)
2.25 effective surface area (m2)
0.7 efficiency of the solar collector (−)
Amountb (kg)

ste steel, recycling 90.78 [109.01]
minium scrap, post-consumer, prepared for recycling, at smelter 1.8
er, municipal incineration 2.82
ncluding creditsc 22.5
rethane foam to landfill 5.28 [10.52]

modelling.
lyurethane foam are higher as explained in the text.



Table 6
Ownership of SWH systems in different geographical regions in Turkey (Altuntop and
Erdemir, 2013).

Geographical region Ownership (%)

Mediterranean (south coast) 70
Aegean (west coast and mid-west) 45
South-eastern Anatolia (southeast) 40
Central Anatolia (middle) 25
Eastern Anatolia (mid-east and eastern) 15
Marmara (northwest) 5
Karadeniz (north coast) 5

Table 5
Average monthly water temperatures at the inlet of the collector (Tc,i) and solar irradiation for the studied locations.

Month Antalya (Region 1) Istanbul (Region 2) Ankara (Region 3) Erzurum (Region 4)

Water inlet temp.
(°C)

Average solar irradiation
(kWh/m2.day)

Water inlet
temp.
(°C)

Average solar irradiation
(kWh/m2 day)

Water inlet
temp. (°C)

Average solar
irradiation
(kWh/m2 day)

Water inlet
temp.
(°C)

Average solar
irradiation
(kWh/m2 day)

January 13.8 2.2 10.2 1.3 8.2 1.5 2.7 1.7
February 12.7 3.0 9.0 2.1 6.6 2.3 1.5 2.6
March 13.9 4.1 9.5 3.1 7.8 3.5 1.1 3.6
April 16.1 5.2 11.8 4.6 10.7 4.8 3.2 4.9
May 19.5 6.1 15.4 5.7 14.5 6.1 7.5 5.9
June 23.5 6.6 19.2 6.3 18.0 6.8 11.8 6.7
July 26.8 6.4 21.9 6.0 20.9 7.1 14.8 6.8
August 28.5 5.8 22.9 5.4 22.8 6.3 16.8 6.2
September 27.8 4.9 22.4 4.1 21.6 5.0 16.1 4.9
October 25.2 3.6 19.8 2.8 18.1 3.4 12.5 3.4
November 21.5 2.6 16.9 1.7 14.6 2.1 8.5 2.1
December 17.0 2.0 13.2 1.9 10.9 1.2 5.3 1.5
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ASI average solar irradiation for a given region (Table 5) (kWh/
m2·day).

If the energy Qout provided by the SWH, estimated by Eq. (2), was
greater than the daily hot water demand by the household QHW

(Eq. (1)), then Qout was assumed to be equal to QHW and the surplus
heat was not considered. If, on the other hand, the SWH system gener-
ated less Qout than the household's requirement QHW, this value was
considered as the actual value supplied and no other energy supply
was considered to make up the shortfall. By using this approach, the
daily usable energy output from the SWH system was calculated for
each of the four locations and then multiplied by the number of days
in each month to obtain monthly values, which were summed up to
provide the annual output of the hot water. Finally, these figures were
used to determine the total amount of hot water supply over the 25-
year lifespan of the SWH.

Themonthly valueswere also used to estimate the percentage of hot
water that can be obtained from the SWH system relative to the annual
hotwater demand of the household; this is known as the ‘solar fraction’.
The solar fraction was estimated for each region for each month and
then their average was used to determine the overall solar fraction.
Note that using the annual values for these estimateswould bemislead-
ing, as therewill be a lot of excess heat energy generated in the summer
months which cannot be used to compensate for the inadequate heat
energy in the winter months. On the other hand, using daily values
would be more accurate than using monthly values. However, such an
analysis would require daily solar irradiation data for all the regions,
which were not available.

In addition to the energy output, energy inputs in the life cycle of the
system were also calculated together with the related output-to-input
ratios. The results of this analysis are presented in Section 3.1.

2.2.3. Natural gas boiler
Natural gas boiler is the most common water heating source in

Turkey and was considered here as an alternative to the SWH system.
It should also be noted that even in regionswhere solar radiation is abun-
dant, SWH systemsmust be backed up by a gas boiler to ensure a contin-
uous and sufficient supply. However, as explained in the previous
section, the boiler backup was not considered, in accordance with the
goal and scope of the study. A modulating condensing natural gas boiler
was assumed as an alternative (or a backup) to the SWH, with the
installed capacity of b100 kW, an efficiency of 85% (CleaverBrooks,
2010) and a lifetime of 25 years (Beccali et al., 2016a, 2016b). Like the
SWH system, its life cycle boundary was also from ‘cradle to grave’,
encompassing extraction and production of natural gas and raw mate-
rials for the boiler, its manufacture, operation, maintenance and end-
of-life waste management. Boilers were assumed to be manufactured
in Istanbul and then transported by lorries (b16 t) to the point of use,
taking into account the actual distances between Istanbul and the cities
in the other three regions (700 km to Antalya, 450 km to Ankara, and
1240 km to Erzurum). Transport of the manufacturing materials was
also considered (650 km for aluminium and 590 km for copper and
steel). The boiler was assumed to be landfilled at the end of its useful life.

The LCA data for the boiler were sourced from Ecoinvent v2.2
(Ecoinvent, 2017), adapted for the Turkish energy mix and assuming
that the boiler generates the same amount of heat as the SWH in the
four climatic regions (see Table 7). Inventory data for the materials
and energy used in the boilermanufacturewere obtained from the liter-
ature (Vignali, 2017).

2.2.4. Country-wide implications of using SWH systems
This part of work aimed to estimate the environmental impacts of

using the SWH systems at the national level. For these estimates, the
number of households in Turkeywith the SWH systemwas determined
using the city population data (Turkish Institute of Statistics, 2016) in
seven geographical regions and the percentage ownership of SWH
(Table 6). Each geographical regionwas assigned to a particular climatic
region (1 to 4) according to the prevalent type of climate. It was as-
sumed that each city in a particular climatic region represented the
SWH output data for that entire region. In total, 81 cities in the seven
geographical regions were included in the analysis. However, given
the collector and tank size, the SWH systems considered in this work
are applicable for detached houses only. Therefore, the country-wide
implications of their use were calculated for detached houses only,
which provide accommodation for approximately 40% of the Turkish
population (Anon., 2009). The same size of the householdwas assumed
as before (four people). Hence, the number of detached houses with a
SWH system in each city was calculated as follows:

DHSWH ¼ OR� P � 0:4ð Þ=4 −ð Þ ð3Þ

where:
DHSWH number of detached houses with a SWH system (−)
OR ownership rate for each region (Table 6) (−)



Table 7
Estimated energy output from the SWH system.

Time period Antalya
(Region 1)
(kWh)

Istanbul
(Region 2)
(kWh)

Ankara
(Region 3)
(kWh)

Erzurum
(Region 4)
(kWh)

January 105.8 62.4 71.8 81.4
February 131.0 91.8 102.8 113.9
March 166.1 149.2 172.2 177.6
April 153.0 168.0 171.9 198.0
May 145.9 160.7 163.9 183.0
June 127.2 142.2 146.4 168.0
July 119.6 137.2 140.9 162.8
August) 113.5 133.6 134.0 155.6
September 112.3 131.1 133.9 153.0
October 125.4 137.0 150.9 165.4
November 122.1 81.4 99.7 97.1
December 96.3 95.1 59.6 74.5
Total annual output 1518.0 1489.7 1548.0 1730.6
Total over 25 years 37,950 37,242 38,700 43,265
Solar fraction (%) 91.8 81.4 82.2 81.0
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P population in each city (−)
0.4 ratio of population with detached houses (−)
4 number of people per household.

The DHSWH values estimated for each city were added up to estimate
the actual number of SWH systems in Turkey.

3. Results and discussion

This section first presents the results for the energy output from the
SWH systems, followed by a discussion of the environmental impacts
considered in the study.

3.1. Energy output from the SWH system

The results in Table 7 and Fig. 3 suggest that Antalya (Region 1) is the
best region for the utilisation of SWH, with the solar fraction of 92%,
meaning that almost all household needs for hot water can be met by
the system. This shortfall in self-sufficiency is due to the (small) size
of the system rather than due to the climatic region. Although the ener-
gy output over the lifetime of the system in Region 1 (37.95 MWh) is
lower than in Regions 3 and 4 (Fig. 3), its low life cycle energy inputs re-
sult in an overall high energy output-to-input ratio (26.6 vs. 7.2 and 7.9
in Regions 3 and 4, respectively). The low energy output in Region 1 can
bemisleading, as the geography suggests that a southern city like Antal-
ya should receive much more solar radiation than cities in Regions 3 or
4. Actually, that is precisely the case; however, the energy requirement
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Fig. 3. Energy input and output for the SWH systems over the lifetime
for water heating in Antalya is also low (as per Eq. (1), high water inlet
temperature means lower energy requirement). Therefore, the energy
used forwater heating in Antalya is lower than in the other cities and re-
gions. The high energy output-to-input ratio in Antalya can also be at-
tributed to the lack of a pump: continuous water circulation is not
necessary in this region since even winter temperatures almost never
reach the freezing point.

However, the other three climatic regions are not far behind, with
around 80% of the households' hot water needs supplied by the SWH
systems (Table 7). It can be noticed that there is little difference be-
tween the three regions in terms of the energy output, despite quite a
different climate. This is mainly due to the geography. In other words,
even in regions like Istanbul or Erzurum, where the solar irradiation is
relatively low, energy input to the system is more than enough to pro-
vide the energy output for domestic hot water supply. Another possible
reason may be the relatively low domestic hot water consumption in
Turkey compared to developed countries such as theUS,where a typical
householdwith three people consumes twice asmuch (193 l) hotwater
(Florida Solar Energy Center, 2015).

It can also be noticed from Fig. 3 that, in all four regions, the energy
output of the SWH system over its lifetime surpassed significantly the
energy required for its manufacturing, operation, and end-of-life treat-
ment. In Regions 1 and 2, the average energy output-input ratio is
26.6,whereas in Regions 3 and 4 the ratio decreases to 7.6 due to the en-
ergy consumption by the heat exchanger unit. Based on these results,
the average energy payback period in Regions 1 and 2 is approximately
1 year and in regions 3 and 4, around 3.3 years.

Recyclingdoes not affect significantly the energy balance of the SWH
over the lifetime (Fig. 3), with the greater difference in favour of
recycling (7%–8%) found for Regions 1 and 2 than for the other two
(2%). This is due to the lower energy output in Regions 1 and 2 and a rel-
atively greater influence of the recycling credits.

3.2. Global warming potential (GWP)

As shown in Fig. 4, utilisation of the SWH in Regions 1 and 2 leads to
around 3.5 times lower GWP than in Regions 3 and 4, respectively. This
is due to the electricity consumption by the heat-exchanger pump,
which in the latter regions accounts for N50% of the total, with the rest
being attributed to the raw materials used for manufacturing the SWH
system. However, their respective contributions in Regions 1 and 2 are
quite different, with the raw materials accounting for around 75% of
the overall impact.

Recycling the rawmaterials does notmake a significant difference to
the GWP, reducing it by 10% in Regions 1 and 2 and by 3.5% in Regions 3
and 4. This can be attributed to a high energy intensity of steel and glass
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in different climatic regions and for different end-of-life scenarios.
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Fig. 4. Global warming potential (GWP) of the SWH system in the four climatic regions over the lifetime of 25 years for different end-of-life management options in comparison with the
natural gas boiler, also showing the contribution of different life cycle stages.
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recycling, as these twomaterials constitute N94% of the overall recycled
content. It has been reported in the literature that using recycled glass
instead of virgin glass can in certain cases provide an energy recovery
of only 5% (Achintha, 2016), whereas for steel this value is around 25%
(World Steel Association, 2011). As far as aluminium is concerned, an
energy recovery of 95% is possible, but aluminium has a very small
share in the overall system so that its recycling does not affect this im-
pact. The contribution of transport to the GWP is negligible.

Fig. 4 also reveals that, in comparison to the gas boiler, the SWH sys-
tem has a much lower GWP, as could be expected. The difference be-
tween these two options is much higher in Regions 1 and 2 (~27
times in favour of SWH) than in the other two regions (8.5 times).
Thus, the SWH system provides significant savings of greenhouse gas
emissions relative to the gas boiler.

3.3. Acidification potential (AP)

The results in Fig. 5 suggest that using SWH systems in Regions 3 and
4 leads to a factor of ~8.5 higher AP than in Regions 1 and 2. Their impact
in the former two regions is also around four times higher than the AP of
the gas boiler. This is due to the electricity used by the heat-exchanger
pump. Turkish electricity has a relatively high AP (Atilgan and
Azapagic, 2016) for two reasons. First, Turkish lignite, which provides
17% of the country's electricity, has a high sulphur content of 3%
(Canel et al., 2016). Secondly, installing desulphurisation units in
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Fig. 5.Acidification potential (AP) of the SWH system in the four climatic regions over the lifetim
gas boiler, also showing the contribution of different life cycle stages.
power plants is not mandatory in Turkey and only 47% of the coal
power plants have these systems (Cift and Okutan, 2010). Thus, using
SWH in Regions 1 and 2 is beneficial with respect to the AP compared
to the gas boiler, but in the other two regions, the gas boiler is a better
option.

As can also be seen in Fig. 5, the use stage contributes themajority of
the impact in Regions 3 and 4 while in the other two, the main contrib-
utors are the SWHmanufacturing process and the rawmaterials. The AP
is not affected by recycling and transport.
3.4. Eutrophication potential (EP)

Similar to the GWP and AP, the EP of the SWH systems in Regions 3
and 4 is also higher than in the other two areas (Fig. 6). However, the
difference in the EP between the regions is much smaller, averaging at
around 35%. The main reason for this is that the use stage (mainly elec-
tricity consumption for pumping) in Regions 3 and 4 has a smaller con-
tribution to the AP (14%). Instead, the main contributors are the raw
material (82%), particularly aluminium and copper. The contributions
of manufacturing and transport are small (2.3% and 1.5%, respectively).

Compared to the gas boiler, the SWHsystem is a better option for the
EP in all four regions, although the benefits are greater in Regions 1 and
2. There, the impact is around four times lower compared to 2.7 times
lower in the other two regions. Therefore, in contrast with the AP,
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Fig. 6. Eutrophication potential (EP) of the SWH system in the four climatic regions over the lifetime of 25 years for different end-of-life management options in comparison with the
natural gas boiler, also showing the contribution of different life cycle stages.
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SWH is environmentally more sustainable than the gas boiler with re-
spect to the EP.

3.5. Photochemical oxidants creation potential (POCP)

The SWH systems in Regions 1 and 2 have around three times lower
POCP than in Regions 3 and 4 (Fig. 7) and around eight times smaller
impact than the gas boiler. The main cause of POCP is the emissions of
SO2, CO, NOx and non-methane volatile organic compounds from the
production of steel and copper used to manufacture the SWH, as well
as the electricity for the heat-exchanger pump and the production of
propylene glycol. The effect of transportation and end-of-life manage-
ment is small.

3.6. Ozone layer depletion potential (ODP)

As shown in Fig. 8, ODP of the SWH system is around five times
lower in Regions 1 and 2 than in 3 and 4, again because of the electricity
used by the pump. The reason for the high ODP attributed to Turkish
electricity is the high contribution of natural gas (~45%) and the associ-
ated use of halons as fire suppressants in gas pipelines (Atilgan and
Azapagic, 2015). However, despite that, the impact from SWH in
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Fig. 7. Photochemical oxidants creation potential (POCP) of the SWH system in the four clim
comparison with the natural gas boiler, also showing the contribution of different life cycle sta
Regions 3 and 4 is still 16 times lower than from the gas boiler. For
the other two regions, the difference is much starker: 73 times in favour
of SWH. As for most other impacts, the contribution of the manufactur-
ing, end-of-life and transport stages is insignificant.

3.7. Human toxicity potential (HTP)

The HTP of the SWH systems is two times lower in Regions 1 and 2
than in the other two if the systems are landfilled at the end of life
(Fig. 9). However, it they are recycled, the difference between the re-
spective regions increases to around five times. This is because the
recycling of metals has a much higher effect on this impact, reducing
it by four times in Regions 1 and 2 compared to the landfilling option,
and by 70% in Regions 3 and 4. This in turn is due to the avoided emis-
sions of chromium and arsenic in themanufacture of virgin steel and al-
uminium (Greening and Azapagic, 2014; Squadrone et al., 2016). A
further reason for the higher impact in Regions 3 and 4 is the high
HTP of Turkish electricity mix (Atilgan and Azapagic, 2016).

If the SWH systems are landfilled, their HTP in Regions 1 and 2 is
around three times lower compared to the gas boiler but only around
30% in Regions 3 and 4. If, on the other hand, the SWH systems are
recycled, their impact is ~13 times lower than for the gas boiler in
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Fig. 8. Ozone layer depletion (ODP) of the SWH system in the four climatic regions over the lifetime of 25 years for different end-of-life management options in comparison with the
natural gas boiler, also showing the contribution of different life cycle stages.
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Regions 1 and 2 and ~2.5 times better in the other two regions. There-
fore, recycling is critical for reducing HTP of SWH, particularly in Re-
gions 1 and 2.

3.8. Comparison to other studies

There is no other study of SWH systems in Turkey, so comparison
with other studies was not possible. Comparison with studies in other
countries discussed in the introduction section is difficult for a range
of reasons, including differences in the size of the SWH system, systems
boundaries, background energy mixes, impact categories considered
and impact assessment methodologies used. For that reason, only a
comparison of GWP was possible as most studies reported this impact
and used the same methodology for its estimation. A further compari-
son was carried out with the UK study (Greening and Azapagic, 2014)
which also used the CML method to estimate the impacts. To make
the results more comparable, the results in the other studies were
scaled linearly to the size of the system considered here by taking into
account the collector area and the useful lifetime of the system. Howev-
er, this process introduces a certain level of error since not all the pa-
rameters depend on these variables. Nevertheless, as shown in Fig. 10,
the GWP estimated in this study is quite comparable to the values re-
ported in the literature. Interestingly, the impact of the SWH in Turkey
was found to be almost equal to that in the UK.1 While the impact of
Turkish electricity per kWh is slightly higher than in the UK
(520 g CO2 eq. (Atilgan and Azapagic, 2016) vs 490 g (Greening and
Azapagic, 2014)), its consumption in Regions 3 and 4 is higher. On the
other hand, the life cycle energy output of SWH in Turkey is also
much higher as the solar radiation in Turkey is more abundant. Thus,
these two opposing factors seem to balance each other out.

There is also a good agreement with the results of the study in
Greece (Koroneos and Nanaki, 2012), with the difference of 17% being
attributed to the differences in the electricity mix, as the share of solid
fuels in Greek electricity is significantly higher than in Turkey (EU
Energy Commission, 2015). The only outlier is the US study which has
half the impact estimated here and in the UK study. This could be due
to the differences in the electricity mixes and errors caused by the
scaling1 of the SWH since the energy requirement of industrial produc-
tion usually has a non-linear relationshipwith the amount of the output
(‘economies of scale’). Furthermore, the SWH system manufactured in
1 The original valuewas 34 g CO2/kWhbut the area of the collectorwas 4m2, so that the
impact was scaled down linearly for the area of 2.25 m2 considered in this study. The
lifespan of the SWH systems in both studies was the same (25 years).
the US appears to use considerably less materials than the SWH system
considered in this study, which could also explain the difference in the
results.

There is also a relatively good agreement between the other envi-
ronmental impacts (Fig. 11) estimated in this study and for the UK con-
ditions (Greening and Azapagic, 2014). The only notable difference is
HTP which could be attributed to different assumptions on recycling
of the SWH systems, which affect this impact significantly (see
Section 3.7). The differences in the respective electricity mixes also
play a role.

3.9. Sensitivity analysis

As discussed in Sections 3.2–3.7, themain environmental hotspots in
the life cycle of the SWH system are the use and raw materials stages.
Therefore, their effect on the impacts is considered through a sensitivity
analysis. Asmost of the data for the rawmaterials were obtained from a
manufacturer, these datawere regarded to be highly reliable. Therefore,
instead of varying their quantities, the focus of the sensitivity analysis is
on the type ofmaterial used. Specifically, copperwas considered instead
of steel for manufacture of the hot-water tank, as is common practice in
Europe (European Commission, 2004). As copper is heavier than steel
by approximately 800 kg/m3 (EngineeringToolbox.com, undated), the
weight of the tank would increase from 79 to 91.2 kg. This would also
affect the transport and end-of-life treatment. The energy required for
the manufacturing of the tank was assumed to be the same as for the
steel tank.

In the use stage, the biggest contributor to the environmental im-
pacts is the electricity used for the heat-exchanger pump in Regions 3
and 4. Therefore, the electricity usage by the pump was varied by
±10% and ±20%, respectively. Finally, the effect of the recycling rate
was investigated by reducing it from 100% in the base case to 50% by
10% increments for all the recycled content.

As can be seen in Fig. 12, the environmental impacts are highly
sensitive to the tank material, with almost all the impacts for all
scenarios being higher when copper is used instead of steel. HTP
and EP are affected the most. The former increases by a factor of
five and 8.5 for Regions 3 and 4, if the system is landfilled or
recycled, respectively, and by 9.4 and 39 times in Regions 1 and 2
if the system is landfilled or recycled. The corresponding changes
in the EP are between 10 and 16 times. The effect on the ODP and
AP is small. Therefore, these results suggest that using steel for the
hot water storage tank is environmentally more sustainable than
using copper.
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Fig. 9. Human toxicity potential (HTP) of the SWH system in the four climatic regions over the lifetime of 25 years for different end-of-life management options in comparison with the
natural gas boiler, also showing the contribution of different life cycle stages.
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Varying the amount of electricity used by the pump has a less signif-
icant effect than the tankmaterial (Fig. 13). The biggest change was ob-
served for AP, ranging between +18% and −17%, followed by GWP,
with +12% and−12%. HTP was affected the least, fluctuating between
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Fig. 11. Comparisonwith the literature of other environmental impacts estimated in this study. [
Eutrophication potential; POCP: Photochemical oxidants creation potential; HTP: Human toxic
+2.5% and−2.5%. However, even when the electricity consumption of
the pumpwas decreased by 20%, the AP of the SWH systems in Regions
3 and 4 remained much higher (around four times) than those of natu-
ral gas boilers.
8.0

44.0
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Photochemical smog
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)

 Azapagic, 2014)

All impacts expressed per kWhof energy output from SWH. AP: Acidification potential; EP:
ity potential. DCB: dichlorobenzene.]
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Fig. 14 shows that the impacts are not sensitive to the recycling rates.
The only exception is HTP which increases 2.5 times in Regions 1 and 2
and by almost 30% in Regions 3 and 4when the recycling rate is lowered
to 50%.

3.10. Country-wide implications of using SWH systems

This section considers the environmental implications of utilising
the SWH systems across the whole of Turkey. The impacts were esti-
mated based on total annual energy output from the SWH systems in
detached houses of 3.196 TWh (see Section 2.2.4 for the methodology).
This is equivalent to the consumption of 295,000 t or 387 million m3 of
natural gas (at standard conditions) in a typical boiler with the efficien-
cy of 85% (EngineeringToolbox, undated).

These impacts are presented in Fig. 15. As can be seen, the annual na-
tional GWP of SWH systems would be approximately 54 kt CO2 eq.
whereas the avoided impact from the unconsumed natural gas per
year would be 844 kt CO2 eq. Therefore, the use of SWH systems in
Turkey would save approximately 844–54 = 790 kt CO2 eq. per year.
To put this in context, the annual carbon emissions in Turkey in 2014
0
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6
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Baseli

Fig. 13. Sensitivity analysis assuming different consumption of electricity by the heat-exchange
25 years. Some impacts have been scaled to fit. To obtain the original values, multiply with th
landfilling; R: recycling. For the impacts nomenclature, see Fig. 12.]
were 459.1 Mt CO2 eq. (Turkish Institute of Statistics, 2015); thus the
SWH systems would reduce the greenhouse gas emissions by 0.17%.
While this appears insignificant from the climate mitigation point of
view, there are other benefits of using SWH systems, including im-
proved energy security, lower energy bills for the consumer and re-
duced costs of imported natural gas to the national economy. As
indicated in the introduction, Turkey relies heavily on imports of natural
gas and the cost of importing the above amount of natural gas at a rate
of $0.42/m3 (Altuntop and Erdemir, 2013) would be approximately
$162.5 million. Considering that the entire SWH system can be
manufactured locally, in addition to contributing to the GDP, the SWH
systemswould contribute to the Turkish economyby saving $162.5mil-
lion on an annual basis. These savings would be even higher for larger
SWH systems and households than assumed in this study. It should
also be borne in mind that only detached houses were considered
here – if all other suitable buildings were to have a SWH, the GWP
and economic benefits could increase several-fold.

As also shown in Fig. 15, significant savings would also be achieved
for the other impacts, ranging from three times lower HTP to 32 times
lower ODP. The only exception is AP which is by a factor of two higher
L R L R L R

POPC (kg C2H4 eq.) HTP  (t DCB eq.) ODP x 0.01 (g R11
eq.)

ne +10% +20% -10% -20%

r pump in Regions 3 and 4. [All impacts expressed per functional unit over the lifetime of
e factor shown against relevant impacts. 1&2: Regions 1 and 2; 3&4: Regions 3 and 4. L:
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than that for the gas boiler. As discussed in Section 3.3 this is due to high
electricity consumption of the heat exchanger pump in colder regions
and the high AP in the Turkish electricity mix.

Thus, on balance, it could be argued that the uptake of SWH should
be encouraged by government through appropriate incentives. As of
late 2017, a typical SWH system with the specifications considered
here would cost around 2000 Turkish Liras (€430). Assuming that all
the energy savedwould otherwise be obtained fromanatural gas boiler,
the approximate financial payback period of SWH systems in Turkey
would range from 16 to 18 years. Given the expected lifetime of
25 years, it can be concluded that the SWH systems are economically
feasible. However, offering governmental incentives could easily reduce
the payback periods, whichwould increase the uptake andmarket pen-
etration of SWH systems. Currently, incentives are available in Turkey
only for photovoltaic systems but not SWHs. As Table 6 suggests, there
is a particularly high potential for increasing the uptake of SWH in
Marmara and Karadeniz regions, where only 5% of the houses have
these systems installed. Despite being in the northern parts of the coun-
try with a relatively low solar radiation, almost all of the cities in these
regions have the climate of Region 2, which means that the SWH sys-
tems are likely to do without an additional heat exchanger, thereby
being less costly but also reducing the overall environmental impacts.
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4. Conclusions

This study analysed the life cycle environmental impacts of solar
water heater (SWH) systems for domestic hot water supply in four dif-
ferent climatic regions of Turkey. The results showed that in all four re-
gions, at least 81% of the annual hot water requirement could bemet via
the SWH system. The energy output was significantly higher than the
input (7–28 times), with the payback periods ranging between one
and three years. The findings also suggested that in the hotter regions
the impacts of the SWH systems are 1.5–2 times lower than those of
natural gas boilers. A similar trend was observed for SWH in the two
colder regions except for acidification, which was four times higher
than that of the boiler. This was due to the need to use a heat exchanger
and the associated electricity for water pumping.

The construction materials and the electricity required for the
manufacturing of the systems were the main environmental ‘hotspots’.
Recycling the major components instead of landfilling reduced human
toxicity potential by 50% but had only a small effect (5%) on the other im-
pacts. The impacts were highly sensitive to the type of material used for
the construction of the hot storage tank and to someextent to the amount
of electricity used by the heat-exchanger pump. Recycling thematerials at
the end of life did not have an effect on the impacts.
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Significant savings in greenhouse gas emissions (8.5–27 times) can
be achieved by using SWH instead of gas boilers. At the national level,
the SWH systems can save 790 kt CO2 eq. per year, equivalent to
0.17% of annual emissions in Turkey. The other impacts would be re-
duced by three to 32 times. The nation-wide use of SWH would also
contribute to the Turkish economy by saving $162.5 million per year
through the avoided imports of natural gas. Therefore, SWH systems
should be deployedmore extensively in Turkey, especially in the north-
ern regions of Karadeniz and Marmara. However, government incen-
tives may be needed to stimulate the uptake, similar to those already
in existence for solar PV.

Nomenclature
ASI average solar irradiation for a given region (kWh/m2.day)
Cp, w average specific heat of liquid water (4.18 kJ/kg.°C)
DHSWH number of detached houses with SWH systems (−)
OR ownership rate for each region (−)
P total population in each city (−)
QHW daily energy requirement for the household domestic hot

water supply (W)
Qout energy provided by the SWH system on a daily basis (kWh/

day)
Th, o temperature of hot water at the outlet of the collector (°C)
Tc, i temperature of cold water at the inlet into the collector (°C)
_VHW daily requirement of domestic hot water (100 l/day).
Greek symbols

ρw average density of liquid water (1000 kg/m3).
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