
Research Article
Assessment and Modeling of Household-Scale Solar Water Heater
Application in Zambia: Technical, Environmental, and
Energy Analysis

Mehdi Jahangiri ,1 Esther T. Akinlabi ,2,3 and Sam M. Sichilalu 2,4

1Department of Mechanical Engineering, Shahrekord Branch, Islamic Azad University, Shahrekord, Iran
2Department of Mechanical Engineering Science, Faculty of Engineering and the Built Environment, University of Johannesburg,
Johannesburg, South Africa
3Directorate, Pan African University for Life and Earth Sciences Institute, Ibadan, Nigeria
4Department of Electrical and Electronic Engineering, School of Engineering University of Zambia, Lusaka, Zambia

Correspondence should be addressed to Mehdi Jahangiri; jahangiri.m@iaushk.ac.ir

Received 18 December 2020; Revised 22 May 2021; Accepted 20 June 2021; Published 7 July 2021

Academic Editor: Francesco Riganti-Fulginei

Copyright © 2021Mehdi Jahangiri et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Solar water heaters (SWHs) are one of the most effective plans for general and easy use of solar energy to supply hot water in
domestic and industrial sectors. This paper gives the first-ever attempts to assess the optimal localization of SWHs across 22
major cities in Zambia, as well as determine the possibility of hot water generation and model the greenhouse gas (GHG)
emission saving. The climate data used is extracted by using the MeteoSyn software which is modeled in TSOL™. Results show
the high potential of GHG emission reduction due to nonconsumption of fossil fuels owing to the deployment of SWHs, and
three cities Kabwe, Chipata, and Mbala had the highest GHG mitigation by 1552.97 kg/y, 1394.8 kg/y, and 1321.39 kg/y,
respectively. On average, SWHs provide 62.47% of space heating and 96.05% of the sanitary hot water requirement of
consumers. The findings have shown the potential for the deployment of SWHs in Zambia. The techno-enviro study in this
paper can be used by the policymakers of Zambia and countries with similar climates.

1. Introduction

Residential and commercial buildings account for 54.7% and
45.3% of total energy consumption in the building sector,
respectively. Only 9% of energy use in the building sector is
provided by renewable energy and the rest by fossil fuels
[1]. As it is shown in Figure 1 [2, 3], the highest energy con-
sumption in the building sector is related to space and water
heating by 37% and 12%, respectively. This also highlights
the reduction in CO2 by using solar water heater (SWH) sys-
tems [4, 5], more suitability of SWH compared with electric
water heaters (EWHs) [6, 7], and the necessity of higher
application of SWH [8]. SWH systems are one of the most
common applications of solar systems [9].

Among various renewable energies, solar energy plays an
important role [10–12]. Although many advances have taken
place in this area, the extensive implementation of SWH sys-

tems has been hindered by factors such as associated high
costs [13]. Due to their simple operation and minimum
maintenance requirements, SWHs are the best option for
the domestic sector [13]. These factors as well as the fact that
they are environmentally friendly have attracted attention to
SWHs at both domestic and industrial scales [9]. The cost-
effectiveness of SWH systems is dependent on government
subsidies and the price of fossil fuels used for water heating
[14, 15]. All over Europe, except for Denmark, Greece, and
Finland, financial incentives are offered to encourage SWH
installation [16] and most of the European countries have
removed the value-added tax on solar equipment [17]. It is
estimated that replacing EWH with SWH would save
940000 kWh of energy annually [10]. It should be mentioned
that due to factors such as the price of fossil fuels, subsidy
rate, and radiation rate, the capital recovery period differs
from one place to another [9]. The leading countries in terms
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of SWHs are China, Turkey, India, Brazil, and Germany [9],
although regarding kWh of thermal energy produced per
1000 people, Austria (419), Cyprus (412), and Israel (400)
occupy the first to third rankings [18].

In 2014, 91% of the heat produced by SWHs has been
used for hot water consumption, 63% in small residential
buildings and 28% in complex buildings, hotels, schools,
etc., 6% for swimming pools, 2% for simultaneous supply of
sanitary hot water and space heating, and 1% in combined
solar systems like industrial processes [18]. As it is shown
in Figure 2, solar heating capacity of SWHs in 2015 was
435GW that was obtained from solar collectors covering an
area of 622 million m2 [19]. Figure 3 illustrates the percent-
age of SWH use in various continents [9]. From this figure,
it is clear that only 0.3% of SWH usage occurs in Africa which
is mostly concentrated in Morocco and Tunisia [20, 21].

A number of studies on SWH use around the world are
reviewed in the following [5].

Benli [22] performed a potentiometric study on SWH for
providing the required hot water in Turkey. The study
showed an improvement in energy security and reduced the
dependence on the gas imported from Russia and Iran. The
study locations were six different cities in Turkey. Two types
of collectors with different absorber materials (vacuum tube,
galvanized sheet) were used. Results suggested that the galva-
nized sheet absorber was superior for the provision of hot
water in Turkey. Furthermore, they observed that due to
inadequate climate conditions and purchasing power loss,
SWH was less used in the northern and eastern parts of
Turkey.

Mamouri and Bénard [1] evaluated the SWH potential
for Michigan State, US. They used the SAM software for ana-
lyzing data from 26 distributed points in the state and vali-
dated the software results by experimental data of a
collector in Michigan State University. Results indicated that
evacuated tube SWHs were suitable for domestic water con-
sumption (producing 63.8% of required hot water and an
annual reduction of 1664 kg in CO2) with a capital recovery

period of 8 years. They also presented some experimental
equations for finding the optimal collector area given the
required hot water and location under study. The effect of
parameters such as heat loss coefficient on the thermal per-
formance of the system was also evaluated [23, 24].

Chang et al. [7] studied the performance of SWH for
water preheating in industrial processes in Taiwan. The stud-
ied sample was a chicken slaughterhouse, and the results
were compared with a student’s dormitory with similar hot
water consumption patterns. Results suggested that the tem-
perature of incoming water, the rate of solar radiation, and
the load pattern were effective factors on SWH efficiency.
Evaluating the capital recovery period showed the cost-
effectiveness of SWHs for industrial heating processes [25,
26].

Bowa et al. [27] reviewed the current status of solar
sources, obstacles, challenges, and future governmental plans
for enhancing solar technology in Zambia. They took advan-
tage of others’ experiences and called for further research in
this area. They suggested that Zambia had high solar poten-
tial, and given the current growth in energy demand, solar
technology was the best option to be combined with other
existing sources for providing sustainable energy.

Pahlavan et al. [28] evaluated the use of flat-panel SWHs
at 37 stations in Algeria. They used the TSOL software to
analyze the results, and their scale was residential. The most
important parameter studied was the solar fraction, based
on which the top 3 stations were selected. Also, the total
amount of heat generated for space heating and sanitary
water heating was calculated to be about 15MWh and 10
MWh, respectively. The rate of nonemission of pollutants
was estimated at 57 tons per year.

Jahangiri et al. [29] evaluated the use of flat-panel SWHs
in Canada using the TSOL software. The simulations were
performed to provide the heating needed by a family of four
in 10 different Canadian provinces. The highest percentage of
total heat supply with 35% was related to the Regina station.
At the Regina station, about 94% of the heat required for
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Figure 1: Building sector energy consumption in 2010 by demand [2].
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sanitary water consumption and 25% of the heat required for
space heating are provided by SWHs. It was also stated as a
general result that the potential of using SWHs to provide
sanitary hot water is very high.

Siampour et al. [30] conducted a technical-environmental
assessment and ranking analysis for the use of a flat plate and
evacuated tube SWHs at 45 stations in Turkey. Simulations
and rankings were performed by TSOL and GAMS software,
respectively. The results showed the superiority of evacuated
tube SWHs on the flat-plate SWHs in all stations. The
annual total heat production for the studied stations and
the amount of preventing the emission of pollutants for
flat-plate SWHs and vacuum tube SWHs were about 133
MW and 68.4 tons and about 229MW and 93.4 tons,
respectively. The top stations were also Akhisar, Bodrum,
Finike, Hakkari, and Iskenderun.

Nowadays, very few countries can produce their own
energy independently [31]. This fact compels other countries
such as Zambia to present applicable strategies on renewable
energies, given the constraints of fossil fuels and their adverse
environmental effects, and formulate plans for their sustain-
able development and economic growth. Zambia has the
potential to harness solar energy using SWHs; however, the
lack of consolidated data on all parameters is a key challenge.
Despite the fact that SWHs are reliable and cost-effective in
producing the required hot water [32, 33], for any investor
and government to make a decision on exploitation, there
is an urgent need to conduct research on key parameters
for the deployment of SWHs in Zambia.

Therefore, this paper is the first ever to determine the
possibility of hot water generation using SWHs with a case
study down across the country in 22 different cities. Also,
according to previous studies, it is observed that the number
of similar works was very low, which were not in the same cli-
mate of Zambia. In the rest of the studies so far, the analysis
has not been performed over a period of one year or all pos-
sible losses have not been considered; in other words, the
complete energy analysis of the solar heating cycle has not
been performed. The studied parameters are solar fraction

at each station, the share of heat produced for sanitary hot
water at each station, the share of heat for space heating at
each station, the share of heat produced by auxiliary wood-
fired boiler at each station, and savings in CO2 emissions.
Finally, in addition to determining the potential of each sta-
tion, the best station for investing in SWH systems is ana-
lyzed. In addition, this paper’s techno-enviro study carried
out can be used for countries with similar climates. Also,
the model selected for the study and the way of analysis can
be used for other regions of the world with different climatic
conditions. In addition, the results of the present work can
help welfare, social, and cultural development in Zambia by
helping decision-makers in the field of solar heating in Zam-
bia, as well as domestic and foreign investors.

This paper is organized as follows: Section 2 of this paper
presents the case study and overall country solar energy
resource atlas. Section 3 presents the mathematical models
and modeling methodology, while Section 5 is the result dis-
cussions. Section 7 presents the conclusion of the paper.

2. The Case Study

Zambia is a member of the Southern African Development
Community together with the neighboring 7 countries:
Angola, Congo, Malawi, Mozambique, Zimbabwe, Botswana,
and Namibia [34–36], with a population of 14 million people
and an area of 752681 km2. The current electrification rate in
Zambia is 45% in cities and 3% in villages which are planned
to increase, respectively, to 90% and 51% by 2030 [37].

The consequences of an annual 5% growth in Zambia’s
economy during the last 10 years have led to an escalation
of energy demand leading to a significant increase in renew-
able energy demands. In 2015, private sector participation in
the renewable energy sector became effective [38]. Zambia
has faced many challenges on energy deficit and has failed
to meet the demand in both rural and urban regions since
the start of drought in 2016 [27]. To mitigate the energy def-
icit and to achieve sustainable development, Zambia has put
solar energy as the first priority [27]. Despite the fact that
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Figure 2: Global solar thermal capacity in operation and annual energy yields 2000-2015 [9].
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Zambia, on average, has 2000-3000 sunny hours during the
year, with its 20-year average horizontal radiation power
shown in Figure 4 [39], due to high initial costs of solar
equipment, the solar market is not much popular in Zambia
[40]. Investing opportunities in Zambia include local
manufacturing of solar system elements, creation of an off-
grid microgrid, and selling of solar panels and accessories
to households [40].

Wind energy in Zambia is rather weak, and the average
annual wind speed at 10m in this country is 2.5m/s. This
low potential may be suitable for purposes such as water
pumping at a domestic scale and irrigation, although there
are reportedly some spots in western provinces with a wind
speed up to 6m/s [37]. Regarding geothermal energy, it
should be mentioned that there are more than 80 hot water
springs in Zambia, 35 of which are suitable in terms of having
a high temperature and being close to the main grid. Due to
the high costs associated with geothermal plants, currently,
there is only one small geothermal plant in Zambia built in
the1980s. This plant has a development capacity of up to 2
MW [37]. The northern and northwestern parts of Zambia
have a good potential in terms of small-scale hydropower
plants. It is noteworthy that hydropower produces 97% of
energy demand in Zambia and is the second important
energy source in this country, following wood [41]. Cur-
rently, 2434.3MW of hydropower energy is developed in
Zambia [37, 40].

Despite the aforementioned potentials for renewable
energies, around 80% of heating demands (284 PJ) are sup-
plied by traditional biomass which causes problems such as
forest destruction and environmental pollution [42, 43].
These issues show the necessity of using SWHs for economic
and social improvement. The summary of aspects regarding
renewable energy potential in Zambia is presented in Table 1.

Despite the higher demands for electric energy in com-
mercial, agricultural, and industrial sectors, power supply

capacity has not changed significantly compared with the
previous decade [27]. The national power utility ZESCO
Ltd. has declared its plans to install 350000 SWHs for a
40% saving in the electricity demand caused by EWHs. This
not only leads to lower costs but also reduced electricity
imports. A three-year period was also estimated for capital
recovery for SWHs’ useful lifetime of 15 years [31, 34–36].
Currently, only 100 SWHs are installed in Lusaka and SWHs
suffer from a stagnant market in Zambia. Factors leading to
the lack of development of renewables in Zambia are lack
of technical expertise, lack of capital, and the high-interest
rate of loans which increase the foreign investment risks in
Zambia [34–36].

In order to solve the technical expertise constraints, the
paper analyzed various cities in order to determine SWH
parameters, sizing, and its potential to reduce the energy
demand and mitigate carbon emissions. The paper selected
22 cities from various provinces to enable us to determine
the national thermal energy requirements. The required data
for 22 cities that are used in TSOL Pro 5.5 are presented in
Table 2, and the cities are shown in Figure 5. These data are
extracted from the Meteonorm software which is installed
as Meteosyn along with TSOL, and its function is to produce
climate files. The location and geographical distribution of
the studied cities are shown in Figure 5.

3. The Simulation Software

In studying the solar domestic hot water system performance,
there is a need to use dynamic analysis tools to accurately
describe the system responses to rapid changes in environmen-
tal conditions. TSOL Pro 5.5 is one of these tools, a professional
simulation program for the design and planning of solar ther-
mal systems [44]. It simulates and calculates the process in
these systems by providing tools and components of solar sys-
tems and also the relevant components such as hot water
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supply, swimming pool, heating process, and buffer tanks. This
software enables the optimal design of solar thermal systems,
temperature simulation, and their energy performance at lower
cost and time [44]. In TSOL Pro 5.5, calculations are performed

based on the balance of energy flows and provide yield progno-
ses according to the hourly meteorological data provided [44].

The total radiation received on a collector surface is a
summation of direct and diffuse radiation. Direct radiation
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Table 1: Renewable energy potential in Zambia.

Renewable energy Resource availability Potential output

Hydro
Multiple mini and major sites across the cross; the country possesses

over 40% of water resources in the SADC region [45–47]
6000MW

Biomass 2.15 million tons [48] 498MW

Wind
Average 3m/s at 10m height; hotspots in northern and

eastern regions [37]
Not quantified

Geothermal 80 hot springs; 35 viable [49] Not quantified

Solar 5.5 kWh/m2-day; approx. 3000 sunshine hours per annum [37] Not quantified
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is available in the supplied climate files, and the calculations
of diffuse radiation striking the collector surface are per-
formed using α angle and hourly clearness index kt according
to the following relations [44]:

0 ≤ kt ≤ 0:3 :
Id
I
= 1:02 − 0:245 kt + 0:0123 sinα,

0:3 < kt ≤ 0:78 :
Id
I
= 1:4 − 1:749 kt + 0:177 sinα,

kt ≥ 0:78 :
Id
I
= 0:486 kt − 0:182 sinα,

ð1Þ

where I is the total hourly radiation on a horizontal surface
(kJ/m2) and Id is the hourly diffuse radiation on a horizontal
surface (kJ/m2). It is noteworthy that some incident radiation
on the collector surface is wasted. The software calculates col-
lector losses by [44]

ρ =Gdir · η0 · f IAM + Gdiff · η0 · f IAM:diff

− k0 Tcm − TAð Þ − kq Tcm − TAð Þ2,
ð2Þ

where Gdir is the part of solar radiation striking a tilted
surface, η0 is the collector’s zero-loss efficiency, f IAM is the
incidence angle modifier factor, Gdiff is the diffuse solar radi-
ation striking a tilted surface, f IAM,diff is the diffuse incidence
angle modifier factor, k0 is the heat transfer coefficient (in
W/m2·k), Tcm is the average temperature of the collector,

TA is the air temperature, and kq is the heat transfer coeffi-
cient (in W/m2·k2).

The software considers the solar system’s CO2 emission
savings of 5.14355 g per kJ of energy generated [44]. The
energy supplied by collectors is obtained by dividing the
energy transferred from the solar system to the standby tank
by the total energy supply of the standby tank
(solar system + auxiliary heating) according to the following
relation [44]:

Solar fraction total = QCL:DHW +QS:HL
QCL:DHW +QS:HL +QAuxH:DHW +QAuxH:HL

:

ð3Þ

Other relations used in simulations, shown schematically
in Figure 6, are as follows [44]:

Solar fractionDHW= QCL:DHW
QCL:DHW +QAuxH:DHW

,

Solar fraction heating = QS:HL
QS:HL +QAuxH:HL

:

ð4Þ

4. Simulation Data Input

Information on the geographical position, diffuse radiation
percentage, and total annual global radiation for the analyzed
cities is presented in Table 2. These cities are also shown in
Figure 5. The average daily sanitary hot water consumption
of 110 L, the sanitary hot water temperature of 60°C, and

Table 2: The data of the studied cities.

Station Latitude Longitude Total annual global irradiation (kWh/m2) Diffuse radiation percentage (%)

Chipata -13.6 -32.6 2089.1 46.5

Isoka -10.1 -32.6 2145.3 41.80

Choma -16.8 -27.1 2204.0 50.3

Kabompo -13.6 -24.2 2030.6 48

Kabwe -14.5 -28.5 2116.1 49.2

Kafironda -12.6 -28.1 1988.8 50.4

Kafue -15.80 -27.90 2073.3 47.80

Kasama -10.20 -31.10 2029.9 51.30

Kawambwa -9.8 -29.10 1922.3 53.20

Livingstone -17.8 -25.80 2276.2 50.70

Lusaka -15.4 -28.3 1989.4 50.20

Mansa -11.1 -28.9 1950.2 51.7

Mbala -8.9 -31.3 2225.9 48.1

Misamfu -10.1 -31.3 2040.0 50.60

Mongu -15.2 -23.1 2146.9 47.50

Mount Makulu -15.6 -28.3 1988.1 50.50

Mpika -11.9 -31.4 2047.8 50.70

Mwinilunga -11.8 -24.4 1943.5 51.6

Ndola -13 -28.70 2000.5 50.0

Sesheke -17.5 -24.3 2310.2 49.9

Solwezi -12.2 -26.4 1983.9 50.3

Zambezi -13.5 -23.1 2005.7 49.7
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operating period of the whole year are assumed. Further-
more, the assumed space heating load of 10 kW, space tem-
perature of 21°C, and heated usable area of 80m2 are used.
Double-glazed windows with an area of 1.6, 4, 8, and 5.6m2

are considered for north-, east-, south-, and west-facing win-
dows, respectively. 5W/m2 heat gain due to internal heat
sources is also considered. On the other hand, the heating

load requirements of the building were assumed as constant
throughout the year (except June and July) from 23:00 up
to 06:00. An average wall type value is considered in this
paper. Another assumption is done on SWH and other acces-
sory equipment such as buffer tanks, piping, and boiler that
are installed in all the selected cities to enable us to compare
the heat generation characteristics and energy potential. In
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10°0′0″S

15°0′0″S

25°0′0″E 30°0′0″E
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Figure 5: The location of studied cities.
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Figure 6: Schematic of the solar system with a bivalent storage tank (internal heat exchanger). DHW: domestic hot water; S,HL: solar heating
load; HL: heating load; AuxH: auxiliary heating; CL: collector loop.
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this model, a standard flat-plate-type SWH with an area of 8
m2 and 0° azimuth angle is used. Double-coil buffer tanks for
sanitary hot water and space heating are used having 300L
and 1000 L capacities, respectively (as shown in Figure 7).
Also, a gas boiler with a rated capacity of 9 kW was utilized.
Water/polypropylene glycol in a 60/40 ratio and a rate of
40 L/m2 was used as the intermediate heat transfer fluid. In
the case of high requirement for space heating, in/outlet tem-
perature difference of 20°C and that for other cases 15°C are
considered. The general schematic of the simulated system is
shown in Figure 7. It should be noted that the solar panels’ tilt
angle was equal to the latitude of the studied area [44].

5. Results

Analysis results for 22 cities are summarized in Table 3.
According to the results, it could be seen that Sesheke, Liv-
ingstone, and Mongu cities by supplying, respectively,
99.2%, 98.6%, and 95.4% of their heating demands through
SWHs, are the most suitable stations.

Three cities Livingstone (100% supply of the required
energy), Sesheke (99.7% supply of the required energy), and
Mount Makulu (85.4% supply of required energy) have the
highest percentage of solar space heating for buildings in
Zambia. Regarding the supply of space heating, Mbala, Mis-
amfu, and Kasama stations take the first to third ranks by
supplying 1564.57 kWh, 1212.59 kWh, and 1090.35 kWh of
space heating by SWHs. However, since their heating
demands are higher, they are not among the top three cities
in terms of the highest space heating using SWHs.

In terms of sanitary hot water, three cities Mbala, Isoka,
and Solwezi are in the first to third positions by producing
2649.87 kWh, 2646 kWh, and 2605.93 kWh of sanitary hot
water, respectively, although it should be mentioned that
Sesheke, Livingstone, and Isoka cities are the three superior
cities by producing, respectively, 99.1%, 98.5%, and 98.4%
of their hot water demand by SWHs.

According to the saving in GHG emissions due to fossil
fuels, the three cities Kabwe, Chipata, and Mbala are the
top three cities by saving 1552.97 kg/y, 1394.8 kg/y, and
1321.39 kg/y, respectively. Also, regarding the use of a boiler
for supplying the remaining demand for space heating and
hot water consumption, it could be said that SWHs provide
62.47% of space heating and 96.05% of sanitary hot water
demands. This shows a clear justification for using SWHs
to supply sanitary hot water compared with space heating
demands. To sum up, it can be concluded that the most suit-
able cities in terms of providing space heating, sanitary hot
water, and simultaneous space heating and sanitary hot water
using SWHs are Livingstone (100% of required energy),
Sesheke (99.1% of required energy), and Sesheke (99.2% of
required energy) cities.

Sesheke shows the most attractiveness in investing in
SWHs which, according to the results in Table 2, has a high
annual average radiation and low diffuse radiation.
Figures 8 and 9 show the share of solar energy in the total
energy requirement and the schematic of energy balance for
Sesheke Town.

From Figure 8, it could be seen that in 10 months of the
year (except for December and February), almost all the

Space-heating buffer tank
Vol: 1000 l

Dual coil indirect hot water tank
Vol: 300 l

Gas-fired boiler
9 kW

110 liters/day
60 °C 40 °C/25 °C

8 × standard flat-plate collector

Incl.: 15°

Total gross surface area: 8.00 m2

Azimuth: 180°

Figure 7: The specifications and components of the simulated system.
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required energies are provided by solar collectors. According
to Figure 8, the boiler is most needed in December and Feb-
ruary during which collectors can provide 97% and 96% of
heating demands, respectively.

The schematic view of the energy balance for Sesheke
Town is shown in Figure 9. It illustrates that the radiation
on the surface of solar collectors is 19377 kWh. Figure 9 dem-
onstrates that most of the losses are thermal and then optical
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Total energy consumption 2,726 kWh
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Figure 8: Solar energy consumption as a percentage of total consumption for Sesheke Town.

Table 3: The results of the studied parameters per town/city.

Station

Total
solar

fraction
(%)

Solar
contribution to
heating (kWh)

Heating
solar

fraction
(%)

Solar
contribution
to DHW
(kWh)

DHW
solar

fraction
(%)

Saving
natural gas
(H) (m3)

CO2
emissions
avoided
(kg)

Boiler energy
to heating
(kWh)

Boiler
energy to
DHW
(kWh)

Chipata 83.6 416.32 44.1 2488.50 95.3 659.6 1394.80 527 121

Isoka 84.9 739.08 56.9 2646.00 98.4 543.4 1149.03 559 43

Choma 92.7 489.26 74.5 2526.18 97.3 495.2 1047.07 168 71

Kabompo 86.4 807.93 65.0 2518.93 96.6 528.2 1116.52 435 87

Kabwe 81.7 927.28 57.4 2549.07 96.7 545.2 1552.97 689 87

Kafironda 80.2 733.25 52.3 2472.34 95.3 511.0 1080.58 669 123

Kafue 82.4 792.5 55.7 2537.99 96.9 528.7 1117.99 631 82

Kasama 71.3 1090.35 45.6 2490.00 94.6 550.0 1163.11 1301 142

Kawambwa 74.6 748.78 44.2 2448.25 94.4 505.6 1069.19 945 146

Livingstone 98.6 187.11 100 2485.94 98.5 454.8 961.81 0 37

Lusaka 77.8 873.64 51.3 2474.32 95.1 525.6 525.6 829 129

Mansa 74.7 763.33 45.4 2422.34 93.8 503.9 1065.61 918 161

Mbala 62.6 1564.57 39.1 2649.87 97.0 624.9 1321.39 2433 82

Misamfu 73.7 1212.59 51.0 2492.64 94.1 564.7 1194.08 1167 158

Mongu 95.4 369.43 81.8 2496.54 97.8 477.4 1009.62 85 55

Mount
Makulu

93.5 489.03 85.4 2481.92 95.3 486.1 1027.85 84 122

Mpika 91.3 549.70 79.2 2514.71 94.5 497.2 1051.36 144 146

Mwinilunga 74.2 959.71 47.4 2490.29 94.8 534.2 1129.53 1066 136

Ndola 79.9 938.09 56.7 2458.26 94.6 530.2 1121.16 716 140

Sesheke 99.2 200.38 99.7 2503.47 99.1 459.4 971.50 0.64 22

Solwezi 93.0 553.71 76.6 2605.93 97.5 513.3 1085.44 169 68

Zambezi 85.5 818.53 64.9 2491.96 95.4 524.0 1108.01 442 119

DHW: domestic hot water.
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losses. In the next ranks, most losses occur in the buffer tank,
main tank, internal piping, and external piping, respectively.
It is obvious that energy losses in the piping system are low,
and almost 18.5% of energy loss (3253 kWh) occurs in tanks.
This energy loss in tanks depends on the tank geometry and
target values. Due attention should be given to minimize
these energy losses through planning and scientific initiatives
for each specific scenario.

Comparing the results of the present work with the works
reviewed in the literature review, it can be seen that in recent
studies in all parts of the world, the potential for sanitary hot
water supply is very high and the main difference in the
results is regarding the heat supply for space heating. Among
the studies, the lowest percentage of heat supply required for
space heating is related to Canada, where flat-panel solar

water heaters have been able to provide 25% of the required
heat at best [29].

6. Implications and Limitations

For the first time, the present study examines the potential of
Zambia’s various stations in the technical, energy, and envi-
ronmental fields. The results could serve as a roadmap for
energy policymakers in Zambia and suggest the best station
for starting investment. This could lead to the economic
and social development of Zambia, provided that the right
policies are implemented in this regard.

Regarding the limitations of the present work, it can be
pointed out that the climatic data used (extracted from the
Meteosyn software) are an average of several years and are
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9 6
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2.3

2.6

1 Irradiation on to collector surface (active) 19,377 kWh
1.1 Optical collector losses 6,166 kWh
1.2 Thermal collector losses 7,065 kWh
2 Energy from collector array 6,146 kWh
2.1 Solar energy to storage tank 2,982 kWh
2.3 Solar energy to buffer tank 2,113 kWh
2.5 Internal piping losses 935 kWh
2.6 External piping losses 118 kWh
3.1 Tank losses 1,347 kWh
5.1 Buffer tank losses 1,906 kWh
5.2 Buffer tank to heating 201 kWh
6 Final energy 35 kWh
6.1 Supplementary energy to tank 19 kWh
6.4 Supplementary energy to space-heating 0 kWh
6.5 Electric element 0 kWh
9 DHW energy from tank 1,652 kWh
10.2 Heat to LT heating 201 kWh

2.5

Figure 9: Energy balance schematic for Sesheke Town. DHW: domestic hot water; LT: low temperature.
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not related to one year. It is not possible to specify the exact
details of the windows and walls of the building under study
in the software. The type of auxiliary boilers and solar collec-
tors available in the software database is limited. Also, the
space can be heated only by the radiator.

7. Conclusion

The study is aimed at reducing energy consumption in Zam-
bia and encouraging people to use a solar renewable energy
source for residential space heating and sanitary hot water
purposes. Also, minimizing the expenditures and improving
the welfare of low-income households, especially in remote
areas, by providing them with the best optimal choice on
SWHs best fit for their dwelling. The simulations on solar
data of 22 cities are performed using TSOL Pro 5.5. The
results show the following:

(i) Producing 100% of space heating demands, Living-
stone recorded the highest percentage of supplying
thermal energy for a building in Zambia

(ii) Sesheke is the most suitable station in terms of pro-
ducing hot water by supplying 99.1% of its require-
ments through SWHs

(iii) Regarding GHG emission due to fossil fuels, the
Kabwe station is the town with the highest green-
house gas emission reduction, and it showed a sav-
ing of 1552.97 kg/y in CO2 pollutants

(iv) SWHs can supply 62.47% of space heating demands
and 96.05% of sanitary hot water requirements

(v) Generally, the best town in terms of simultaneous
provision of space heating and hot water using
SWHs is found to be Sesheke by producing 99.2%
of required energy

These findings are the key to policymakers and investors
in arriving at the investment decision as well as for the build-
ing owners to make the cost-effective choices of technology
in hot water and space heating in Zambia. This paper does
not investigate the government’s impact if rebates and incen-
tives are introduced to promote an increase in penetration of
SWHs; however, it is strongly recommended that such anal-
ysis is done in the near future.

Nomenclature

kt: Hourly clearness index
I: Total hourly radiation on a horizontal surface

(kJ/m2)
Id: Hourly diffuse radiation on a horizontal surface

(kJ/m2)
Gdir: Part of solar radiation striking a tilted surface
η0: Collector’s zero-loss efficiency
f IAM: Incidence angle modifier factor
Gdiff : Diffuse solar radiation striking a tilted surface
f IAM,diff : Diffuse incidence angle modifier factor
k0: Heat transfer coefficient (W/m2·k)

α: Tilt angle
ρ: Collector losses
LT: Low temperature
TA: Air temperature
Tcm: Average temperature of the collector
kq: Heat transfer coefficient (W/m2·k2)
QCL;DHW: Collector loop heating for domestic hot water
QS,HL: Solar heating for heating load
QAux,DHW: Auxiliary heating for domestic hot water
QAux,HHL: Auxiliary heating for heating load
EWH: Electric water heater
SWH: Solar water heater
DHW: Domestic hot water
REFIT: Renewable energy feed-in tariff
GHG: Greenhouse gases.

Data Availability

All data used to support the findings of this study are
included within the article.
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