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Abstract: The drought that occurred in Zimbabwe in 2020 affected the country’s main hydro‐power
station causing the electricity supply to be less secure and reliable. This challenge resulted in load‐
shedding, which is not desirable to mining companies that require constant and reliable power for
their operations. In that regard, a techno‐economic analysis was carried out to assess the potential
of integrating concentrated solar power (+thermal storage) and photovoltaics (+battery storage) to
supply power at a typical mine in Zimbabwe. Two scenarios were simulated—a base case with no
exports to the grid and another case where exports were allowed. The models were evaluated based
on the generated renewable energy offsetting the demand from the mine, the energy exported, the
grid contribution, the localised cost of energy and the net present value. The results show that the
addition of a battery storage system to PV improves the percentage of the load offset by the renew‐
able system and the generated energy by the renewable system by almost double. However, the
installation cost, required land, LCOE, and simple pay‐back also increased by approximately a fac‐
tor of 2. The addition of a thermal storage system to CSP increased the generated energy, the capac‐
ity factor, and the renewable energy contribution by approximately a factor of 2. However, the land
required for development and the installation costs also nearly doubled.
Keywords: electricity supply; mining; concentrated solar power; thermal storage; photovoltaics;
battery storage; localised cost of energy; electrical load
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1. Introduction
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According to the International Energy Agency, the mining sector consumes about
11% of the total worldwide energy [1]. By the year 2035, the demand for energy from
mines (globally) is expected to increase by 36% [2]. However, the industry is currently
powered predominantly by convectional energy sources which contribute to greenhouse
gas emissions [2]. Several international mining organisations, which include but not lim‐
ited to the International Council on Mining and Metals (ICMM), the Mineral Council of
Australia, and the South African Chamber of Mines, agree that there is a need to improve
the efficiency of their operations and to incorporate renewable energy systems to reduce
greenhouse gas emissions from the industry [3].
The current power situation in Zimbabwe is not favourable for mining companies
who require reliable power for their operations. According to the power utility first quar‐
ter figures for 2020, the generated electricity was approximately 20% short of the target
[4]. This was mainly caused by the low levels of water in the Kariba dam which is the
main hydropower station and technical challenges at one of the thermal power stations
[4]. Mining companies are now compelled to look for alternative sources of power in case
of load‐shedding from the utility company. Renewable energy systems, particularly solar,
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have the potential to provide an alternative solution to this problem due to the generally
good solar resources in the country [5].
Renewable energy systems such as Solar—Photovoltaic (PV) and Concentrated Solar
Power (CSP)—and wind have matured enough to be economically competitive with
power mining operations. The possibility of combining the systems with storage presents
an opportunity to solve the challenge of intermittence of renewable energy sources,
thereby providing predictable power. Thermal storage (in the case of CSP) and battery
storage could be used as technological enablers to help renewable energy systems to pro‐
vide reliable and dispatchable power. In addition, the hybrid renewable energy systems
can have their dispatch automated to provide a high return on investments by supplying
the lowest cost renewable electricity at any given time.
Currently there is not much research available to consider the possibility of powering
mining operations using hybrid renewable energy systems. However, a significant num‐
ber of scholars have evaluated quite diverse combinations of renewable systems to supply
certain needs. Zurita et al. [6] evaluated the hybrid CSP and PV and battery energy system
to supply a base load. One of the key results of the study was that integrating the battery
storage would not make the system economically competitive. Parrado et al. [7] projected
that the localised cost of energy (LCOE) of a hybrid PV–CSP system located in Chile in the
year 2050. The results show that it is feasible to supply sustainable continuous electricity
that could benefit industries such as mining. Green et al. [8] analysed the factors that are
important to have a high‐capacity factor from a CSP–PV hybrid system. The analyses con‐
cluded that there is a need for an effective configuration, a dispatch strategy and good
sunlight to have a high‐capacity factor from the system. Table 1 below shows some of the
techno‐economic analysis of renewable energy systems that exist in the current literature.
Table 1. Selected techno‐economic analysis of renewable energy existing in the literature.

Name of Article
Techno‐Economic analysis of Renewable En‐
ergy System: Case study in Zimbabwe
Making the sun shine at night: comparing the
cost of dispatchable CSP with PV + storage
Comparing of Dispatchable Renewable electric‐
ity options
Comparing the net cost of CSP + TES to PV de‐
ployed with battery storage

Aim of Article
To carry out a techno‐economic comparison
of standalone wind and solar photovoltaic
and the hybrid of PV and Wind
Comparing PV + BESS, PV + TES and CSP
with TES
To obtain a better understanding of various
technology combinations for dispatchable
renewable electricity to contribute to system
reliability
To determine if the advantages of CSP +
thermal energy surpasses the benefits of PV
deployed with battery storage

Year

Reference

2020

[9]

2021

[10]

2018

[11]

2016

[12]

Despite the high promise and potential of hybrid renewable systems, the question
which still needs to be answered is whether the systems can reliably and practically pro‐
vide power to the mining sector while providing economic benefits. Hybrid renewable
energy systems in mining systems are still relatively new and off‐takers have no first‐hand
experience of their ability to reliably provide power [3]. Another limitation facing the hy‐
brid systems is related to amortisation. There is usually a mismatch between the life of the
mine and the hybrid system asset life [3].
In this context, this paper intends to analyse and propose a renewable energy hybrid
system that can be technically and economically integrated into mining operations. This
report will help accelerate renewable energy integration in the mining sector in Zimbabwe
through the following:
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Debunking the fear of renewable energy being intermittent by presenting cost com‐
petitive storage solutions that will lower the power supply disruption, which is
something desired by mining companies.
The report will present a reference point to which the mining community in Zimba‐
bwe can consult and improve their expertise on the subject matter. For instance, there
is not a single CSP plant in the country; hence, by explaining the technology and
providing the energy yield studies thereof will be helpful.
Showing that the capital costs of renewable energy systems are falling, which is
something that has hindered the uptake of renewable energy in the country.
Showing that the system can be profitable, hence providing an attractive option to
investors and independent power producers.

The aim is to evaluate the potential of integrating CSP and thermal storage, and PV
and battery storage systems to supply power at a mine in Zimbabwe. The chosen system
should be configured carefully to meet the electrical demand of the mine during the pe‐
riod of most risk from load‐shedding at the lowest cost possible.
Against this background, the remainder of the paper is structured as follows: the
subsequent section gives a brief literature review about electrical usage in the mining sec‐
tor and the background of CSP and PV systems in general. This is followed by a method‐
ology section where the key performance indicators (KPI) are defined as well as the re‐
quired technical and economic parameters for the models. Next, the results from the mod‐
els are analysed based on the defined KPIs and compared with the literature. Lastly, the
conclusion and the recommendations of the research are drawn by referencing the key
outcomes, the study limitations, and future work to be completed.
2. Literature Review
2.1. Renewable Energy in the Mining Industry: An Overview
Population growth and urbanization has increased the consumption of goods and
services which in turn leads to a higher demand for raw materials worldwide [13,14]. This
has the effect of putting pressure on the mining industry as they attempt to meet this de‐
mand. The domino effect of this is increased energy consumption in the mining industry
and greenhouse gas emissions. The global electricity consumption of the industry is 400
TWh of electricity a year [15,16]. Of this value, only 0.1% [15] is from renewable energy,
except for large hydropower stations. The estimated greenhouse gas contribution globally
from the mining industry ranges from 4 to 7% [17].
The mining industry is under pressure from decision makers, society, investors, and
scientific experts to lower the carbon emissions and implement initiatives that will pro‐
mote carbon neutrality [13,17]. Companies in this sector are seeking to achieve low carbon
mining through energy efficiency measures and replacing fossil fuels with renewable en‐
ergy [13,14,16–20]. The automation and the electrification of the processes and equipment
that are powered by fossil fuels are considered to be solutions [17]. Liu et al. [19] discussed
the potential of implementing energy storage systems—batteries and supercapacitors—
and an energy management strategy for the operation of underground load‐haul‐dump
vehicles. Annual installations of renewable energy (globally) in the mining industry have
increased from 42 MW in 2008 to 3.4 GW in the year 2019 [14]. Table 2 below shows some
of the mining companies in Africa that have integrated renewable energy.
Table 2. Mining companies in sub‐Sahara Africa that have integrated renewable energy.

Mining Company
Croniment Mining DG
SNIM
Gold fields
IAMGOLD Essakane

Mineral
Platinum
Iron ore
Gold
Gold

Country
South Africa
Mauritania
South Africa
Burkina Faso

Renewable Technology
Solar PV—1 MW
Wind—5 MW
Solar PV—40 MW
Solar PV—15 MW

Reference
[21]
[16]
[16]
[16]
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Hybrid renewable energy has also proved to be beneficial to the mining industry [22].
According to a NREL report [14], most renewable energy systems installed between 2018
and 2019 in the industry were hybrids of wind, solar, energy storage, and other technolo‐
gies complimented by fossil fuels to smoothen out the variability of renewable energy
systems. Examples of hybrid systems have been installed in Australian mines. The Agnew
gold mine installed 16 MW of wind power, 4 MW of solar power, and 13 MW of battery
storage, and altogether contributed to 60% of the annual demand [23]. Moreover, the
Green Smith mine has 27 MW of gas power, 8 MW of solar power, and 2 MW/1 MWh of
battery storage [23]. There are plans in Africa to also build hybrid renewable energy sys‐
tems. B2Gold’s Fekola mine in Mali plans to build 35 MWp and 17 MW of battery storage
[24]. Bushveld minerals in South Africa plans to build 3.5 MW of solar PV and 1 MW/4
MWh of vanadium redox flow batteries [24].
The possibility of including hydrogen systems in the mining industry is also being
considered. Kalantari et al. [20] investigated the possible use of hybrid renewable hydro‐
gen energy as a solution to facilitate the absorption of renewable energy in the mining
industry. The article proposes a combination of wind, battery, fuel cell, and thermal stor‐
age to meet 100% of the demand of a typical mine in Canada [20].
2.2. Drivers of Renewable Integration into Mining Industry
One of the main enablers for renewable energy integration in the mining industry is
the reduction in energy costs and greenhouse gas emissions during operations [14,15,18].
Studies have shown that although the Capital Expenditure (CAPEX) of renewable tech‐
nologies is higher than fossil fuel projects, their operational expenditure is significantly
lower (especially for Solar PV) making them attractive when considering lifetime projects
[15,16]. Off‐grid mines, or those in the development stage are usually powered from diesel
[17] which is affected by price volatility [14,16,18]. As with any other fossil fuel‐based en‐
ergy source, diesel is susceptible to tariff risks, exchange rates (it is usually imported),
supply chain logistics, and geopolitics [14]. Renewable energy systems on the other hand
will provide predictable energy costs and thus carry reduced risks from price intermit‐
tency [14,18]. Other drivers mentioned in the literature include:




A reduction in carbon emissions [14,15,18];
An improvement in the reputation of the company [15];
Possibilities to repurpose the land used by the mining industry [18].

2.3. Constraints for Renewable Energy Integration into Mining Industry
One of the barriers in renewable energy integration into the mining industry is secu‐
rity of supply [15]. Due to their intermittent nature, the question that needs to be answered
is whether the renewable energy systems can power typical 24 h mine operations match‐
ing the load profile [15]. There is also the need for technology proof‐of‐concepts [14]. Re‐
newable technologies such as concentrated solar power (CSP) and energy storage need to
be tested in mining environments to boost the confidence of industry players. A study by
Gangazhe [25] reported that the lack of technical and economic feasibility in case studies
of battery storage is a major barrier to their uptake in South Africa. From a financial per‐
spective, there is usually a mismatch between the life span of the mine and the time nec‐
essary to recoup the capital investment [14,15,17]. Other barriers mentioned in the litera‐
ture include:





A lack of renewable energy awareness and expertise in the industry [14];
Land constraints [14];
The duration of power purchase agreements—mineral price volatility [15];
A higher pay‐back time for technologies such as CSP [15].

Energies 2021, 14, 3740

5 of 40

2.4. Sizing and Optimization of Hybrid Renewable Energy Systems
Optimal models need to be developed in order to use the available renewable energy
economically and efficiently [17]. To build these models, the meteorological data, the tech‐
nical specifications of the energy system, and the load profile need to be known. The op‐
timization objectives must be determined and attained using either single objective opti‐
mization or multi‐objective optimization [17]. The objectives can include technical param‐
eters (such as renewable energy contribution), economical parameters (such as pay‐back
time), and environmental parameters (such as carbon dioxide savings) [17,26,27].
Optimization can be achieved by using software applications or traditional algo‐
rithms [17,28,29]. Commercial software applications that can be used include Homer,
iHOGA, SAM, TRNSYS, and RETScreen [27–29]. Traditional algorithms include iterative
approaches and artificial intelligence [28,29]. Saisandeep et al. [27] analysed the techno‐
economic performance of hybrid renewable electrification systems for remote villages in
India. The technical performance of the system was optimized using the highest renewa‐
ble fraction and the lowest unmet load percentage while the economical parameters were
the minimal cost of energy and the lowest net present cost. The analysis was carried out
using the Homer software tool [27].
3. Methodology
3.1. Model Description
The techno‐economic models for PV, PV and Battery, CSP, and CSP and Thermal
Energy Storage (TES) systems were developed for a typical mining load in Zimbabwe.
The evaluation was based on the technical and economic performance using the System
Advisor Model (SAM) software. The SAM software was used as it can make performance
predictions and can estimate the energy costs for grid connected systems referencing the
installation and operations cost, and the design parameters inputted to the model [30].
The methodology and key performance indicators used were based on similar analyses
found in the literature review. Beuse et al. [31] described the general model required when
performing a techno‐economic assessment for PV and storage projects. The model should
be inputted with data which include:





Site specific data—for instance, the load profile;
Technical parameters—efficiency, degradation;
Commercial parameters—CAPEX, OPEX;
Electricity tariff parameters—time of use of the tariff.

For the performance comparisons of the different renewable energy systems, Al‐
Ghussian et al. [9] used the following indicators:





Localised Cost of Electricity (LCOE);
Renewable energy contribution;
Net present value;
Pay‐back period.
Table 3 below describes the process taken.
Table 3. Methodology.

Stage

System/Description

1

Demand profile

2

PV

Aim
Steps
Understand the given load data and the billing structure
To develop the typical
hourly load profile from Analyse the typical working pattern and use it to develop
the given monthly data
an hourly profile
Design the capacity and optimise technical parameters
(tilt angle, orientation, and interrow distance)
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To analyse the viability of Analyse the technical and economic metrics of the mod‐
integrating Solar PV at Mi‐ elled results (annual energy produced, LCOE, Savings,
mosa mine
net present value)
Design and determine the optimal size for PV and Battery
for a given dispatch
To analyse the viability of
PV and Battery
integrating Solar PV and Analyse the technical and economic metrics of the mod‐
Battery at the Mimosa mine elled results (annual energy produced, LCOE, savings,
net present value)
Design the capacity and optimise the technical parame‐
ters (solar multiple, design point DNI)
To analyse the viability of
CSP
integrating CSP at the Mi‐ Analyse the technical and economic metrics of the mod‐
mosa mine
elled results (annual energy produced, LCOE, savings,
net present value)
Design and determine the optimal size for CSP and TES
for a given dispatch
To analyse the viability of
CSP and Thermal En‐
integrating CSP + TES at Analyse the technical and economic metrics of the mod‐
ergy Storage
the Mimosa mine
elled results (annual energy produced, LCOE, savings,
net present value
Design and determine the optimal size for PV, CSP and
To analyse the techno‐eco‐
TES/Battery
Repeat stage 2 to 5
nomic performance of the
but considering the
Analyse the technical and economic metrics of the mod‐
systems when exports are
energy export
elled results (annual energy produced, LCOE, savings,
allowed
net present value
The mentioned systems will be evaluated based on key performance indicators (KPI)
listed in Table 4 below.
Table 4. Key performance indicators used for evaluation.

KPI

Calculation/Comment
Base case
This is shown as a percentage of the energy offset by the renewable energy
Renewable Energy Contribution
system.
Calculated as Equation (1)
This metric will allow comparisons of energy systems being considered
Localised Cost of Energy (LCOE)—ap‐ based on technical performance, capital cost and operations and maintenance
plies to export case
costs.
The formula used is given in Appendix A
Net Present Value (NPV)—applies to ex‐ This will be used to analyse the profitability of the system
port case
The formula used is given in Appendix A
Export case
This shows the percentage of energy exported from the system calculated as:
Energy exported
Equation (2)
This shows the percentage of the energy used to meet local generation from
Energy used locally
the system calculated as: Equation (3)
This shows the percentage of the energy offset by the renewable energy sys‐
Renewable Energy contribution
tem calculated as: Equation (4)
Grid contribution (applies to base case This shows the percentage of energy used to meet the mine demand from the
as well)
grid calculated as: Equation (5)
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𝑁𝑒𝑡 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑠𝑦𝑠𝑡𝑒𝑚
𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑

100%

(1)

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 𝑡𝑜 𝑔𝑟𝑖𝑑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

100%

(2)

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 𝑡𝑜 𝑙𝑜𝑎𝑑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

100%

(3)

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 𝑡𝑜 𝑔𝑟𝑖𝑑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑚𝑖𝑛𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑

100%

(4)

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑 𝑡𝑜 𝑙𝑜𝑎𝑑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑚𝑖𝑛𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑

100%

(5)

3.2. Candidate Mine
3.2.1. Geographic Location
The Mimosa mine is a platinum group metal (PGM) and base metal mining company
located in the Wedza sub‐chamber of the Great Dyke of Zimbabwe (24 km west of
Zvishavane town). The figure below (Figure 1) shows the geographical location of the
Mimosa mine on the satellite picture (geographical coordinates with latitude −20.33 and
longitude 29.83). The mine carries out underground mining and metallurgical plant pro‐
cessing activities and has an estimated life of 30 years. The output commodities of the
mine include platinum, palladium, rhodium, gold, nickel and copper.

Figure 1. Satellite location for Mimosa Mine (Source: Google maps).

3.2.2. Climate Data
The climate data used in this paper was sourced from Solcast. This is a data services
company providing solar radiation data and solar forecasting globally using surface and
satellite measurements [32]. Three sets of data were acquired—Typical Meteorological
Year (TMY) in csv format, data customised for SAM software and PVSyst. Solcast data
sets have been validated showing a 0% and 0.3% bias on Global Horizontal Irradiation
(GHI) and Direct Normal Irradiation (DNI) data sets, respectively [32].
The Mimosa mine receives solar radiation of 2010 kWh/m2/year of DNI and 2034
kWh/m2/year of GHI according to the Solcast data. The DNI value shows that within the
site it is technically feasible to develop CSP, as the minimum average value required is
between 1900 and 2000 kWh/m2/year [32]. Figure 2 below shows the variation between
the monthly GHI and DNI for the candidate site—the site receives higher DNI values than
GHI between April and September.
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The two figures below (Figures 3 and 4) show the typical hourly variation of DNI,
GHI and the temperature during a day in summer and winter at the candidate site. For
both figures, the GHI and DNI peak occurs around midday. The temperature in winter is
below 25 °C which could help the PV system to perform better. However, the temperature
in summer has a peak value of 35 °C which could affect the performance of the PV system.

Monthly GHI and DNI for Mimosa Mine, Zimbabwe

Solar Irradiation (kWh/m^2)

220

DNI
GHI

200

180

160

140

120
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 2. Monthly GHI and DNI for the Mimosa mine.

Typical Winter Day Profile

DNI
GHI
25
Temperature

20

800

600
15
400

10

200

0
5
00:00

04:00

08:00

12:00

Time
Figure 3. Typical Winter Day Profile.

16:00

20:00

00:00
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1000
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DNI
GHI
Temperature

Typical Summer Day Profile

1200

35

30

800

T e m p e ra tu re (C )

H o u rly Irra d ia tio n (W h /m ^ 2 )

1000

600

25

400

20
200
15

0
00:00

04:00

08:00

12:00

16:00

20:00

00:00

Time

Figure 4. Typical Summer Day Profile

Figures 3 and 4 showing typical weather profiles in winter and summer, respectively.
3.2.3. Mimosa Mine Demand Profile
The mine is grid connected with an annual consumption of 165 GWh according to
2015 figures. The peak demand in that year was recorded in December with a value of
28.4 MW. Figure 5 below shows the monthly variation of the consumed energy and the
corresponding peak power. The energy consumption graph has a minimum value of 12.7
GW (in October) and a maximum value of 14.9 GW in June. There is a variation from
month to month of the energy consumed due to maintenance activities. For example, in
October there was 5‐day plant shut down (planned maintenance) which corresponded to
the minimum monthly energy consumed that year.
Energy consumed
Maximum Demand

Monthly Energy Consumed and Maximum Demand in 2015

Energy Consumption (GWh)

28.0
14.5
27.5
14.0

27.0
26.5

13.5

26.0

Maximum Demand (MW)

28.5

15.0

13.0
25.5
25.0

12.5
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 5. The 2015 monthly energy consumption and maximum demand for the Mimosa mine.
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The data for the year 2015 shows that the mine consumed most of its energy during
peak hours as shown in Figure 6 below. Table 5 shows the time periods of on‐peak, stand‐
ard and off‐peak with the corresponding time of use of the tariff. The off‐peak tariffs show
that the mine could benefit by load shifting to off‐peak hours and by finding an alternative
cheaper source of electricity during the peak hours.

6.0

Energy Consumption (GWh)

On-Peak
Standard
Off-Peak

Time of Use Monthly Consumption

5.5

5.0

4.5

4.0

3.5
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 6. Time of Use monthly consumption of the Mimosa mine in 2015.
Table 5. Time of use periods and corresponding tariff.

Hours
Day

of

0–6

7–10

11

12–16

17–19

Legend
20

21

22–23

Category

Week
Sunday/Ho

Colour

Tariff/USD
per kWH

Peak

0.13

Weekday

Standard

0.07

Saturday

Off‐peak

0.04

liday

The 2015 mine consumption figures show that 40% of the load was consumed during
peak times and this translates to a high annual electricity bill. In addition, the electricity
bill also includes the maximum monthly demand charge of USD2.6 per unit demand. The
maximum demand charge is applied only during the peak and standard periods to en‐
courage customers to load shift wherever possible and not strain the system.
Lately, Zimbabwe has been facing power shortages which have resulted in load‐
shedding, with the highest shedding period between 4 p.m. and 9 p.m. Such a scenario
causes the mine to add another charge on the electric bill—an uninterrupted demand
charge of USD1.95 per unit demand on each hour of the load‐shedding. This shows that
the mine can benefit from integrating reliable energy systems that can offset or eliminate
grid energy consumption during these risk hours. The peak period is also coincidentally
the high‐risk period in terms of load‐shedding.
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3.3. PV System Design (Base Case)
3.3.1. Plant Capacity
A PV plant differs from convectional electrical systems because its performance is
naturally connected to the unique details of the site and the specifics of the plant design.
This makes it very difficult to calculate the required capacity of the plant. The equation
used to calculate power in the HOMER software was utilised to estimate the rated capac‐
ity of this project [33]. The rated capacity assumes that the modules are operating at Stand‐
ard Test Conditions (STC).
𝑃𝑜𝑤𝑒𝑟

𝑅𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑁𝑒𝑡 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑆𝑇𝐶

𝐷𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟

(6)

where:
Power = peak load/demand required (from load profile)
Rated capacity = unknown
Net incident radiation = incident radiation at STC = 1000 W/m2 (assumption)
Derating factor = 0.77 [34]
𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝑅𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐷𝐶
𝐷𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟
(7)
.
= 36.88 MW~37 MW
=
.
The recommended DC to AC ratio (form factor) to avoid inverter clipping losses is
between 1.0 and 1.1 [35]. The proposed form factor for the project is 1.05. The tilt angle,
azimuth angle and interrow space will be optimised through parametric analysis based
on the energy produced and the LCOE. The key technical parameters used for the model
are given in Table 6 below.
Table 6. Technical parameters for the PV plant.

Parameter
Module type
Module DC capacity
Module Efficiency
Inverter
Inverter Capacity
Tilt angle
Azimuth
Module configuration
Far shading
DC/AC ratio
Ground cover ratio
Soiling loss
DC losses
AC cabling losses
Degradation

Unit
‐
W
%
‐
kW
Degrees
Degrees
‐
‐
‐
‐
%
%
%
%/year

Value (and Comment)
Polycrystalline
345
17.8
String inverter
40
0–60 (optimisation range)
0–270 (optimisation range)
Landscape
Assumed no far shadings
1.05
0.05–0.95 (optimisation range to determine interrow distance)
5 [30]
4.4 (including module mismatch) [30]
2 [30]
0.5 [30]

3.3.2. Financial Inputs for PV System
The commercial model was used to simulate the financial analysis of the PV system
in SAM. This model assumes that the PV system will be developed, owned, and operated
by the entity, and in this case, the Mimosa mining company. With this model, the entity
will be able to buy and sell power at retail price. The metering and billing method used
for this analysis was the net metering. This allows the PV system to supply the load with
the shortfall supplied from the grid. However, this type of system also means excess gen‐
eration of the system will be fed into the grid; hence, there is a need to design it in such a
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way that there is a reduced excess generation. For the base case scenario, the excess gen‐
eration will be curtailed based on the assumption that there is no agreement with the util‐
ity company to export power. The grid energy charges are based on the time of use for the
weekday as defined in Table 5 above in Section 3.2.3.
Table 7 below shows the parameters used in the model to calculate the LCOE, net
present value (NPV) and pay‐back period. The formulas describing how these are calcu‐
lated in SAM are presented in Appendix A.
Table 7. Commercial parameters for PV module. Adapted from [36].

Parameter

Unit

Value

USD/Wdc
USD/Wac
USD/Wdc
USD/Wdc
USD/Wdc
%

0.30
0.05
0.17
0.10
0.05
3

%
USD/acre
USD/kW‐year

5
11,000
9

Years
%
%
%

25
2.5
6.4
5

Direct Capital Cost
Module cost
Inverter cost
Balance of System
Installation cost
Installer margin and overhead
Contingency

Indirect Capital Cost
Sales tax
Land purchase
Operations and maintenance cost

Analysis Parameters
Project life
Inflation
Discount rate
Interest rate
3.4. PV + Battery System Design (Base Case)
3.4.1. Capacity Design
The PV and battery system in the model mainly aims to perform time of use arbitrage
and to reduce the risk of losing the grid power due to load‐shedding (or paying an unin‐
terrupted charge). The AC connected behind the meter battery utilises the energy pro‐
duced by the PV system during the day and discharges it during peak periods. The two
main design parameters for the PV and battery system are:



Power to Energy ratio—this determines the battery storage hours;
PV size ratio—PV and battery plant capacity to PV (without storage) capacity. This
determines the capacity of the PV plant to service both the load and the battery.

A parametric analysis will be carried out to optimise the design parameters based on
the return on investments (net present value) and the ability of the system to supply the
load during the period at most risk from load‐shedding to a typically good day for PV
production. From the load profile, the maximum energy required between 4 a.m. and 9
p.m. is 138 MWh (occurring in June) and this will be used to calculate the minimum re‐
quired battery capacity [37]:
E

MWh

110E
110

MWh/day
DOD%
138
1
80

189.75 ~ 190 MWh
where:

D
(8)
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Ecap‐min = minimum battery capacity;
Ereq = peak energy consumption between 4 p.m. and 9 p.m. (inclusive) from load pro‐
file;
D = days of anatomy (1 will be used for estimation with parametric study to deter‐
mine the final);
DOD = depth of discharge (80% will be used) [38].

Therefore, the minimum battery capacity for this model is 190 MWh with a rated
power capacity of 30 MW (based on the peak demand of 28.4 MW). The technical param‐
eters used to model the battery are given in Table 8 (the PV plant will use the same pa‐
rameters as described in the above Section 3.3.1).
Table 8. Battery technical properties. Adapted from [30].

Description

Unit

Battery type

‐

Maximum charge power
Maximum discharge power
Life cycle at 80% DOD
Minimum State of Charge
Maximum State of Charge
Battery replacement thresh‐
old capacity
DC—AC efficiency
AC—DC efficiency

MWac
MWac
cycles
%
%

Value
Lithium ion: Nickel Manganese Cobalt Oxide
(NMC/Graphite)
30
30
2500
15
95

%

50

%
%

96
96

3.4.2. Battery Dispatch
A manual dispatch will be defined in SAM so as to input specific time frames, other
than using the automatic peak shaving dispatch. The battery will only be allowed to
charge from the PV system (not from the grid) and can only discharge during peak or
standard period times (7 a.m.–9 p.m.). The power generated from the PV system will pri‐
oritise the load first and will only charge the battery when the generated PV is greater
than the load. Just as with the PV system, the excess generated power will not be exported
to the grid and will be reported as a loss. In case the power from the PV and the battery is
not enough to supply the load, the grid power will be used instead.
3.4.3. Economic Inputs to PV and the Battery System
The commercial model used for this system is the same as the PV system described
in Section 3.3.2 above. Table 9 below shows the economic parameters for the battery sys‐
tem to calculate the LCOE, the net present value, and the pay‐back period (for PV they are
the same as described in the previous Section 3.3.2).
Table 9. Economic parameters for battery storage. Adapted from [36].

Description

Unit

Value

USD/kWh
USD/kW
USD/kW

209
70
80

USD/kW‐year
USD/MWh

6.9
2.1

Battery Storage System
Cost of storage
Conversion system
Balance of System

Operations and Maintenance
(O/M)
Fixed O/M
Variable O/M
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Battery Replacement Cost
Analysis Parameters
Project life
Inflation
Discount rate
Interest rate

USD/kWh

2/3 of Cost of Storage

Years
%
%
%

25
2.5
6.4
5

3.5. Concentrated Solar Power (CSP) System Design (Base Case)
The system chosen for primary analysis in this project is the parabolic trough CSP
system. Based on the literature review, this is a more mature system (when compared to
other CSP systems), with commercial operational plants around the world including in
Africa.
3.5.1. System Design
The recommended methodology to design and model a parabolic trough CSP plant
in SAM is given below [30]:








Define the solar field design parameters;
Configure the receiver and collector components;
Determine the transport operational limits;
Configure the loop;
Specify the power cycle design point;
Update the cost and financials;
Optimise uncertain parameters—solar multiple, storage hours.

Table 10 below shows the technical parameters used to develop the CSP parabolic
trough system for this project. The details of the most important parameters are described
below.
Design Point DNI
This is used to calculate the aperture area required to drive the power cycle at its
design capacity [30]. Theoretically, the value should be close to the maximum DNI value
of the site. A low DNI value results in excessive dumped energy while a high reference
DNI value results in an undersized solar field that can only operate at the designed capac‐
ity a few times [30]. A parametric analysis will be used to determine the design point DNI.
Solar Multiple (SM)
This is defined as a multiple of the aperture area required to operate the power cycle
at its design capacity [30]. An SM value of 1 defines an aperture area that will generate
(when exposed to solar radiation equivalent to the design point DNI) the thermal energy
required to drive the power block at its rated capacity. A parametric analysis will be used
to determine the optimal SM for this application.
Design Turbine Gross Output
This is the power cycle’s design output (not including parasitic losses) that is used to
determine the solar field area [30]. The value is determined from the maximum load re‐
quired. The maximum load from the demand profile is 28.4 MW; hence the net estimated
output at the design capacity is 29 MW. The gross turbine output is determined using the
following equation:
Estimated Net Output at Design
Design gross output
Design gross output

estimated gross to net conversion fractor

Estimated net output
Estimated gross to net conversion factor

(9)
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=
.
= 32 MW
Table 10 below shows most of the specifications used to model the parabolic trough
CSP system in SAM.
Table 10. Technical parameters for CSP. Data from [30].

Subsection

Parameter
Description
Solar multiple (Option 1)
Parametric analysis to determine—1 to 4 with 0.25 steps
Number of field subsec‐
Parametric analysis to determine—1 to 12
tions
HTF pump efficiency
0.85
Irradiation at design
Parametric analysis to determine—700 to 1000 W/m2 with steps of 20
point
Solar field
Design loop inlet temper‐
295
ature/C
Design loop outlet tem‐
550
perature/C
Water usage per wash
0.7
(L/m2)
Number of SCA per loop
14
Collectors (SCAs)
Configuration type
Solargenix SGX‐1
Receivers (HCEs)
Configuration type
Schott PTR80
Design gross output
32 MW
Estimated gross to net
0.9
conversion
Rated cycle conversion
0.4
Power cycle
efficiency (Rankine)
Condenser type
Air cooled
Ambient temperature at
32
design point/C
3.5.2. Economic Parameters for CSP
The commercial model used for this system is the same as the PV system described
in Section 3.3.2 above. Table 11 below shows the economic parameters for the CSP system
to calculate the LCOE, the net present value and the pay‐back period.
Table 11. Economic parameters for CSP. Data from [39].

Description
Solar field
Site improvements
Heat Transfer Fluid
Power plant
Balance of Plant
Contingency
Land cost
Sales tax
Operations and Maintenance
Fixed cost
Variable cost by generation
Financial parameters

Unit
USD/m2
USD/m2
USD/m2
USD/kW
USD/kW
%
USD/acre
%

Value
150
25
60
910
32
3
11,000
5

USD/kW‐year
USD/MWh

66
4
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Project life
Inflation rate
Discount rate
Interest rate

Years
%
%
%

25
2.5
6.4
5

3.6. CSP + Thermal Energy Storage (TES) System Design (Base Case)
3.6.1. Capacity Design
Just as with the PV and battery system described in Section 3.4, the main aim of add‐
ing thermal energy storage is to assess the potential of performing time of use arbitrage
and reducing the risk of losing grid power due to load‐shedding (or paying the uninter‐
rupted charge). The storage hours of the system and the solar multiple are the two main
design parameters of the CSP and TES system. A parametric analysis will be carried out
to optimise the two design parameters based on LCOE and the ability of the system to
supply the load during the risk period of load‐shedding on a typically good day for CSP
production.
Besides the solar multiple, the CSP and TES will utilise the CSP technical and com‐
mercial parameters as described in Section 3.5. A direct system where molten salts are
used both as a heat transfer fluid and storage will be utilised for this project because of
their improved efficiency advantage over the indirect system. Table 12 below describes
how the TES technical (and economic) parameters will be utilised.
Table 12. TES technical and economic parameters. Data from [30].

Parameter
Storage fluid

Units
‐

Storage hours

h

Solar Multiple

‐

Tank orientation
Tank height
Parallel tank pairs
Cold tank heater tempera‐
ture set point
Hot tank heater temperature
set point
Economic parameter
Storage cost

‐
M
‐

Value
Hitec Solar Salt
Parametric analysis to determine—1 to 14
with steps of 1
Parametric analysis to determine—1 to 4
with 0.25 steps
Parallel
15
2

oC

238

oC

525

USD/kWht

62

3.6.2. Dispatch Control
The CSP and TES system will dispatch energy from 7 a.m. to 9 p.m. (peak and stand‐
ard periods) with the off‐peak period (11 p.m. to 6 a.m.)—when the tariff is cheap—left
for the grid alone. Figure 7 below shows the dispatch control for the system implemented
in SAM—period 1 shows when CSP + TES can dispatch power to the load with the grid
power able to fill in the shortfall while period 2 shows that the system output will be zero,
hence the grid covering the load alone.
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Figure 7. Dispatch control for CSP and TES in SAM.

3.7. Evaluating System with Exports
3.7.1. Technical Consideration
The current transmission line supplying the mine is rated at 132 kV, with 100 MVA
feeding into 2 × 20 MVA, and 132 kV/11 kV transformers connected in parallel. The max‐
imum demand (according to 2015 figures) at the mine is 28.4 MW. Taking these figures
into consideration, the grid exports from the renewable system will be limited to 60 MW
for this analysis. Table 13 below shows the procedures taken to analyse the systems.
Table 13. Methodology to simulate system with exports.

System

PV






PV + Battery


Description
The system will use the generic and optimised parameters for
the base case scenario as described in Section 3.3
The desired PV plant capacity will be determined by para‐
metric analysis. The analysed range is from 20 MW to 120
MW in steps of 5 MW
The system will inherit the generic and optimised parameters
for the base case scenario as described in Section 3.4
The battery being simulated is behind the meter hence the ex‐
ports from the hybrid system will be from excess PV genera‐
tion. Behind the meter, batteries in SAM are used to meet the
load and cannot export energy to the grid
The desired battery capacity (storage capacity) and the corre‐
sponding plant size will be determined by parametric analy‐
sis. The battery storage size ranges from 2 h to 14 h in steps of
1 h and the PV plant size ranges from 55.5 MWdc to 185
MWdc in steps of 18.5 MW
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CSP





CSP + TES

The system will inherit the generic and optimised parameters
for the base case scenario as described in Section 3.5
The desired gross power output and the solar multiple will
be determined by parametric analysis. The gross power out‐
put will range from 20 MW to 60 MW with 10 MW steps and
the solar multiple will range from 1 to 4 with steps of 0.25
The system will inherit the generic and optimised parameters
for the base case scenario as described in Section 3.6
The desired gross power output, solar multiple and thermal
storage hours will be determined by parametric analysis. The
gross power output will range from 30 MW to 75 MW with
steps of 5 MW, the solar multiple will range from 1 to 4 with
steps of 0.25, and the thermal storage hours will range from 1
h to 14 h in steps of 1 h

3.7.2. Economic Consideration
The financial model to be used in this section is net billing. In SAM, the net billing is
calculated by subtracting the generated energy from the load in each simulation time step
over a month. For months with an excess generation, the dollar value of the excess energy
is credited to the month’s bill with the value of the credit determined by the sale rate. The
practical procedure to determine the sale rate is through a power purchase agreement
with the utility provider. However, for this analysis, an assumption will be made to equate
the sale rate and the time of use of the tariff as described in Section 3.2.3.
4. Results
4.1. PV System Results
4.1.1. Tilt Angle Optimisation
A parametric study was performed to determine the optimum tilt angle for the site.
The Figure 8 below shows the variation in the annual energy produced and the LCOE for
a 37 MW DC PV plant with a tilt angle. The annual energy increased with a tilt angle
increase (0–20°) from 53.1 GWh to 55.1 GWh. Once the tilt angle was greater than 20°, the
annual energy started to decrease. The curve for LCOE is a mirror image of the annual
energy with its lowest value (US$0.048/kWh) at tilt angle of 20°. This result is consistent
with the literature review which pointed out that the latitude of the site is usually the
optimum angle, hence the tilt angle of 20° will be used in the model.
4.1.2. Azimuth Angle Optimisation
The highest energy generated was found at an azimuth angle of 0° (north facing) and
together with the lowest value of LCOE as shown in Figure 9 below. This is consistent
with the literature review, which revealed that the best orientation for PV plants in the
southern hemisphere should be facing the north.
4.1.3. Interrow Distance Optimisation
The interrow distance is inversely proportional to the Ground Cover Ratio (GCR).
This is defined as the area between the PV modules and the total ground area. Figure 10
below shows the variation in the annual energy generated and the LCOE with GCR. The
annual energy generated shows that as the GCR reduced (hence the interrow distance
increases) the annual energy increased steadily up to a GCR of 0.45 where it started to
flatten out. This means the lower the interrow distance, the more chances there are of
shading leading to reduced generated energy. As the interrow distance increases (GCR
decreases), the generated energy will not vary much because the factor of self‐shading
will be eliminated.
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Figure 8. Variation of the annual energy and the LCOE with a tilt angle.
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Figure 9. Variation of the annual energy and the LCOE with an azimuth angle.
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Interrow Distance Optimisation
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Figure 10. Variation of the annual energy and the LCOE with the Ground Cover Ratio.

The LCOE in Figures 8‐10 above resembles a bowl or parabolic shape. Very low val‐
ues of GCR (high values of interrow distance) have a high LCOE even though the gener‐
ated energy is high. This is because the greater the interrow distance the more land area
that is required, thereby increasing the installation costs. On the other hand, high GCR
values (low interrow distance) mean more chances of self‐shading, leading to reduced
generated energy which increases the LCOE. The optimum GCR value is the point where
the annual energy starts to flatten, showing that the interrow distance is now just enough
to eliminate interrow shading. In this case, it is 0.45 giving an interrow distance of 2.4 m.
4.1.4. Technical Performance of Optimised PV Model
The simulation of the optimised 37 MW DC PV plant predicted an output of 55.13
GWh during the first year of operation. This is approximately 33.3% of the annual demand
of the mine. Figure 11 below shows the monthly load vs. the generated PV energy. The
graph for the generated energy shows limited seasonal variation due to the optimisation
of the tilt angle.
The expected capacity factor of the PV plant in the first year is 19% which compares
with the 2019 weighted average capacity factor according to the IRENA database [40]. The
performance ratio of the plant is predicted to be 77% with major losses including soiling,
module mismatch, and cable losses. The most significant loss however is that caused by
the grid limit (generation exceeding load and no exporting power) which accounted for
10.3%.
On a typically good PV production day, as shown in Figure 12 below, the PV plant is
able to supply the mine load alone (on this day, 23 MW) for 4 h between 9 a.m. and 1 p.m.
However, the morning spike is largely being covered by the grid because at the time it
occurs (8 a.m.), there will not be enough irradiation. The graphs show that on a typically
good day, the PV generated could be higher than the energy from the grid from 6 a.m. to
3 p.m. As expected, the load during the night is supplied from the grid.
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Figure 11. Monthly variation of load vs. generated PV energy.

Typical two days of summer production
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Figure 12. Two typical consecutive days with good PV production.

4.1.5. Comparing PVSyst and SAM
For comparison purposes, the identical PV system (37 MWdc, 1.05 DC/AC ratio,
same PV, and inverter efficiencies) was modelled in PVSyst, software version 6.43. The
only adjustment that was made was on the grid limitation: the PVSyst allowed all the gen‐
erated energy to be exported without limitation from the load profile (the same adjustment
was made to the SAM model). The results show that the energy produced from the two
software packages differed by only 1.65%, with the largest difference related to the perfor‐
mance ratio as shown in Table 14 below.
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Table 14. Comparison between PVSyst and SAM.

Parameter
SAM
Produced Energy (unlimited
61.5 GWh
User)
Specific production
1662 kWh/kW/year
Performance ratio
77%

PVSyst

% Difference with Reference to PVSyst

60.5 GWh

+1.65%

1632 kWh/kW/year
74.5%

+1.84%
+2.5%

4.1.6. Economic Performance of Optimised PV Model
The installation cost of the project is predicted at USD 0.76 per DC Watt which is
comparable to the projects completed in India in 2019 which had a weighted average in‐
stallation cost of USD 0.62 per DC Watt [40]. Similarly, the predicted LCOE of this PV
system is USD 0.048/kWh which is comparable to the weighted average LCOE of USD
0.045/kWh of the projects completed in India in 2019 [40]. The predicted net present value
of the project is about USD 41 Million with a pay‐back period of 5.1 years, reinforcing the
economic viability of this project. Table 15 below shows the main economic indicators for
this project.
Table 15. Economic performance indicators for the PV system.

Parameter
Localised Cost of Energy
Annual Electric Bill without PV system
Annual Electric Bill with PV system
Net annual savings
Net Present Value
Simple pay back

Unit
USD/kWh
USD
USD
USD
USD
Years

Value
0.048
13.69 Million
8.021 Million
5.672 Million
41.39 Million
5.1

The first‐year figures show that the annual energy electricity bill has been reduced
from USD13.7 million to 8.02 million. This means that by reducing the annual load by
about 33.3%, the system will be able to save about 41.4% of the annual electricity bill. The
difference in the two numbers is caused by the fact that the PV System is offsetting the
load during the peak and the standard tariff periods while the grid electricity is mainly
used during off‐peak hours. Figure 13 below shows the monthly electricity bill with the
PV system and without.
Electrical Bill With PV System vs Without
1.4

Bill without System
Bill with System

Electric Bill (USD Million)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 13. Monthly electricity bill with the PV system vs. without.
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4.2. PV + Battery Results
4.2.1. Battery and PV Plant Capacities Optimisation
A parametric analysis was carried out to determine the optimum storage hours
(hence battery capacity) and the PV size based on the load profile, the desired operation
and the return on the investment. The trend from Figure 14 below shows that in general,
the smaller the PV plant and the lower the storage hours, the more viable the system. PV
size ratios of 1.5 and 2 have a positive NPV value for the whole range of storage sizes
simulated (2 h to 12 h) while the 2.5 PV size ratio is only viable for up to 9 h of battery
storage. The PV size ratios from 3 to 5 are not viable for this designed application for all
the simulated storage hours. For storage hours, the viability decreases with the increase
in storage size. The 2 h storage battery has three viable PV sizes while the 12 h battery
storage is only viable for two PV sizes.

Figure 14. Three‐dimensional graph showing the battery and PV capacity optimisation.

To determine the optimum system for the model, the minimum storage required for
the battery to supply the load during the high‐risk load‐shedding period must be consid‐
ered. The calculated minimum battery capacity is 190 MWh which translates to about 5 h
of storage (Using equation 8 in Section 3.4.1.). Using the graph above, the chosen battery
storage capacity is 7 h, which translates to 210 MWh (30 MW × 7 h without considering
DOD). This value is greater than the designed requirement of 190 MWh calculated in Sec‐
tion 3.4.1. For 7 h of storage, the PV ratio sizes of 1.5, 2, and 2.5 have a positive NPV value.
The 2.5 PV size ratio was not chosen because the NPV value was significantly below for
the other two sizes. Although the 1.5 PV size ratio has a slight better NPV value (by ap‐
proximately USD2 million), the PV ratio of 2 performed better in terms of the annual en‐
ergy produced, and hence this ratio was chosen for the model.
The optimum combination chosen is:



PV size ratio of 2 which translates to 2 × Peak power for PV without storage = 2 × 37
MW DC = 74 MW DC.
Power to Energy ratio of 1:7 translating to 7 h of battery storage meaning a battery
capacity of 210 MWh.
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4.2.2. Technical Performance of the Optimised PV + Battery System
The simulation of the optimised 74 MW DC PV plant with 210 MWh of battery stor‐
age predicted an annual energy output of 103 GWh in the first year. This is approximately
63% of the annual mine load—41% from PV and 22% from the battery—as shown in the
pie chart below (Figure 15). The design was meant to cater for the peak and standard
periods which constitute about 68% of the load (from the load profile); hence, the system
was 5% under the target with the grid covering the slack.
Energy Source Distribution
Energy from Grid
Energy from PV
Energy from battery

22%
37%

41%

Figure 15. Energy distribution of the PV and battery system.

The expected capacity factor of the system is 18.6% with a performance ratio of 75%
and a battery roundtrip efficiency of 92.7%. The losses resembled that of the modelled PV
with the addition of the battery losses. As with the PV system, the most significant loss is
the grid connection limit with a value of around 13%.
On a typically good day of PV production, as shown in Figure 16 below, the hybrid
system is able to supply the load over the designed periods (peak and standard). The PV
plant will supply the load alone from 7 a.m. to 2 p.m. The battery and PV plant will supply
the load from 2 p.m. to 5 p.m. and then the battery will supply the load alone up to 9 p.m.
The grid will then pick it up from 10 p.m. to 6 a.m. which is the off‐peak period.
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Typical two clear days
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Figure 16. Two typical consecutive days with good PV production.

On a typically bad day (such as a cloudy day) for PV production, as shown in Figure
17 below, the PV and Battery system only covers the load alone between 7 a.m. and 10
a.m. on the first day of the period. The grid power will then be used thereafter with a little
help from the PV plant the next day.
PV to Battery
Battery to load
Grid to Load
PV to Load

Typical two cloudy days
30,000

Power (W)

25,000
20,000
15,000
10,000
5,000
0
0

10

20

30

40

50

Time (Hrs)
Figure 17. Two typical consecutive days with bad PV production.

4.2.3. Economic Performance of Optimised PV and Battery System
The installed cost of the PV and battery system is USD 1.5/Wdc with the cost of stor‐
age contributing 43.3%. The LCOE of the system is USD 0.106/kWh—this is more than
double than that of PV system alone. The predicted simple pay‐back period is 10.8 years
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with an NPV value of USD 19.26 Million. Table 16 below shows the main economic indi‐
cators of the project.
Table 16. Economic performance indicators for the PV and battery system.

Parameter
Localised Cost of Energy
Annual Electric Bill without PV system
Annual Electric Bill with PV system
Net annual savings
Net Present Value
Simple pay back

Unit
USD/kWh
USD
USD
USD
USD
Years

Value
0.106
13.7 Million
3.0 Million
10.7 Million
19.3 Million
10.8

The first‐year simulation results show that the annual electric bill is reduced from
USD13.7 million to USD 3 million. This represents about a 78% reduction in the electricity
bill after offsetting 63% of the load. As with the PV system, the difference in the two fig‐
ures is because the grid power is mainly used during the off‐peak period which is cheaper
than the periods covered by the PV and battery system. The graph below (Figure 18)
shows the monthly electricity bill with PV and battery and without.
Electrical Bill with system vs without

Bill with PV + Battery
Bill without Hybrid System

1.4

Electrical Bill (USD/Million)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 18. Monthly electric bill with the PV and battery system vs. without.
4.3. CSP Results
4.3.1. Design Point Optimisation
The graph below (Figure 19) shows the variation of the LCOE with the design point
DNI with the minimum LCOE occurring at 860 W/m2. Values higher than this DNI have
a high LCOE because the system is oversized and operates at the design capacity for a
limited time only. Below 860 W/m2, the LCOE is higher (even though there is more gener‐
ated energy) because the solar field area increases with a low design point DNI hence
increasing the installation cost.
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DNI Design Point Optimisation
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Figure 19. Design point optimisation.

4.3.2. Solar Multiple Optimisation
The optimum solar multiple for the system from the graph (Figure 20) below is 1.25.
This value is consistent with the literature review which revealed that a solar multiple of
1.3 is a typical optimum for a no storage CSP system [41]. Although values higher than
the solar multiple of 1.25 produce higher energy values, the increase in land size increases
the LCOE.
Solar Multiple Optimisation

LCOE

21

LCOE (USD cents/kWh)

20

19

18

17

16
1.0

1.5

2.0

2.5

3.0

3.5

4.0

Solar Multiple
Figure 20. Solar multiple optimisation.

4.3.3. Field Subsections Optimisation
The shape and location of the header piping delivering heat to the power cycle is
determined by the number of field subsections. The orientation will directly affect the
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amount of heat loss in the pipes. The graph below (Figure 21) shows that the optimal
number of subsections is two based on the lowest LCOE and highest generated energy.
Number of field Subsections Optimisation

LCOE
Annual Energy
40

18
38

17

36
16

15

Annual Energy (GWh)

LCOE (USD cents/kWh)

19

34
0

2

4

6

8

10

12

No of field subsections

Figure 21. Optimisation of the number of field subsections.

4.3.4. Technical Performance of the Optimised CSP
The simulation of the optimised 32 MW gross output, solar multiple of 1.25, and DNI
design point of 860 W/m2 predicted a net annual electricity energy production of 39.3 GWh
during the first year of operation. This is approximately 23.7% of the annual demand of
the mine with a capacity factor of 20.6%. The predicted capacity factor compares with
figures given in IRENA [41] for no storage CSP systems which has values ranging from
21% to 23%. Figure 22 below shows the monthly production of CSP energy vs. the monthly
demand of the mine.
Load vs Generated CSP Energy
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Energy (GWh)

12
10
8
6
4
2
0
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 22. Monthly generated CSP vs. the monthly demand.

Energies 2021, 14, 3740

29 of 40

On a typically good day for CSP production, as shown in Figure 23 below, the system
is able to supply the load from 8:00 a.m. to 2:00 p.m. The grid power will start to compli‐
ment the CSP after 2:00 p.m. up until 4:00 p.m., where CSP production will fall to zero.
From then on, the grid will supply the load up until the next day.
Generation on typical two clear days

From Grid to Load
From CSP to Load
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Figure 23. Two typical consecutive days with good CSP production.

On a typical overcast day, as shown in Figure 24 below, the CSP system will absorb
power from the grid (for auxiliary circuits) instead of generating power. The grid power
will supply the load during the day and night.
Generation on typical two overcast days

From Grid to Load
From CSP to Load
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Figure 24. Two typical consecutive days with bad CSP production.
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4.3.5. Economic Performance of the Optimised CSP System
The installation costs of the system are predicted at USD 2479/kW. The IRENA re‐
newable cost database for CSP commissioned in 2019 showed installation costs ranging
between USD 3704/kW and USD 8645/kW—with the exception that these figures are for
systems with storage, and hence are higher. The predicted LCOE of the system is US cents
16.32/kWh which is slightly lower than the weighted average of the LCOE (US cents
18.2/kWh) of the CSP system in 2019 [40]. However, the predicted NPV for the system is
below zero making it unattractive option to invest. Table 17 below shows the main eco‐
nomic indicators of the system.
Table 17. Economic performance indicators for the CSP System.

Parameter
Localised Cost of Energy
Annual Electric Bill without CSP system
Annual Electric Bill with CSP system
Net annual savings
Net Present Value
Simple pay back

Unit
USD/kWh
USD
USD
USD
USD
Years

Value
0.16
13.69 Million
9.63 Million
4.06 Million
−13.6 Million
Not available

The first‐year simulation figures show that the annual electricity bill is reduced from
USD 13.69 million to 9.63 million. This represents a cost reduction of approximately 29.8%
on the annual electric bill after offsetting approximately 23.7% of the annual load. Figure
25 below shows the monthly electricity bill with the PV system and without.
Electricity Bill With System vs Without
1.4

Bill without System
Bill with System

Electricity Bill (USD Millions)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 25. Monthly electricity bill with the CSP system vs. without.

4.4. CSP + TES Results
4.4.1. Storage Hours and Solar Multiple Optimisation
A parametric analysis was carried out to determine the optimum storage hours and
solar multiple based on the load profile, location, desired dispatch, and LCOE. The trend
from Figure 26 below shows that for low values of SM (1–1.5) the LCOE varies linearly,
with a positive gradient, with TES storage hours. For a solar multiple of 2–4, low values
of TES storage hours have high LCOE values which start to decrease with an increase in
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storage hours. The optimum values of LCOE occur for storage hours between 5 and 6
before the trend starts to increase gradually with an increase in storage hours. This is be‐
cause at low values of storage hours, the energy produced will be too low to justify the
investment (the system will be undersized). At high values of storage hours, although the
energy produced will be high, the system will be oversized for the application; hence,
higher values of LCOE. From the analysis, optimum LCOE occurs at SM = 2.5 and storage
hours of 5 h.

Figure 26. Three‐dimensional graph showing the optimisation of the storage hours and the solar multiple.

For the system to cover the period at high‐risk from load‐shedding, the required stor‐
age hours are 5 h (calculated in Section 4.2.1). Therefore, the optimum SM and storage
hours chosen for this project are 2.5 and 7 h, respectively—this combination has the lowest
LCOE at TES values greater than 5 h.
4.4.2. Technical Performance of the Optimised CSP and TES System
The simulation of the optimised 32 MW gross output, solar multiple of 2.5, storage
hours of 7 h at design point of 860 W/m2 predicted a net annual electricity production of
68.4 GWh during the first year of operation. This is approximately 41.3% of the annual
demand of the mine at a capacity factor of 40.5%. The predicted capacity factor compares
with figures given in IRENA [41] for SM 2.5 and storage of 7 which has values ranging
from 42 to 45%. Figure 27 below shows the monthly production of the CSP and TES system
vs. the monthly demand of the mine.
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Figure 27. Monthly generated energy from CSP and TES vs. monthly load
On a typically good day for CSP production, as shown in Figure 28 below, the CSP
and TES system is able to supply the load (without the grid) over the designed periods (7
a.m. to 9 p.m.). The grid will supply the load during the off‐peak hours.
Grid to Load
CSP + TES to Load

Typical two clear days
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Figure 28. Two typical consecutive days with good CSP production.

On a typical overcast day, as shown in Figure 29 below, the CSP and TES system will
only supply the load from 6 a.m. to 8 a.m. from storage before the grid power covers the
slack. The following day, the grid supplies the load without any contribution from the CSP
and TES system.
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Typical two overcast days
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Figure 29. Two typical consecutive days with bad CSP production.

4.4.3. Economic Performance of Optimised CSP + TES System
The installation cost of the CSP and TES system is predicted at 5593.7/kW. This value
is comparable with the IRENA database for CSP systems commissioned in 2019 which
showed an installation cost ranging between USD 3704/kW and USD 8645/kW [40]. The
predicted LCOE of the system is US cents 15.44/kWh which is lower than the weighted
average LCOE (US cents 18.2/kWh) of CSP systems commissioned in 2019. However, the
predicted simple pay‐back period is 20.9 years with a negative NPV value making the sys‐
tem an unattractive option for investment. Table 18 below shows the main economic indi‐
cators of the system.
Table 18. Economic performance indicators for the CSP and TES system.

Parameter
Localised Cost of Energy
Annual Electric Bill without CSP system
Annual Electric Bill with CSP system
Net annual savings
Net Present Value
Simple pay back

Unit
USD/kWh
USD
USD
USD
USD
Years

Value
0.15
13.69 Million
6.54 Million
7.15 Million
−17.3 Million
20.9

The first‐year simulation figures show that the annual electricity bill is reduced from
13.69 million to 6.54 million. This represents a cost reduction of approximately 52.2% on
the annual electricity bill after offsetting approximately 41.3% of the annual load. Figure
30 below shows the monthly electricity bill with the CSP and TES system and without.
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Electric Bill with system vs Without
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Figure 30. Monthly electric bill with the CSP and TES system vs. without.

4.5. System with Exports
The same process (from Section 4.1 to 4.4) was repeated with the exception that the
were no restrictions with exports as described in Section 3.7. The key results are listed in
Table 19 below.
5. Discussion
5.1. Summary of Results
The Table 19 below shows the summary of key results from the analysis. The key
points from the results are:












The addition of a battery storage system to PV (on a base case scenario) improved the
percentage of the load offset by the renewable system and the generated energy by
the renewable system by almost double. However, the installation cost, the required
land, the LCOE, and the simple pay‐back also increased by approximately a factor of
2 while the NPV reduced by nearly half.
The addition of a thermal storage system to CSP (on a base case scenario) increased
the generated energy, capacity factor, and renewable energy contribution by approx‐
imately a factor of 2. Moreover, the LCOE improved due to an increase in generated
energy. However, the land required for development and the installation costs also
nearly doubled.
For the base case scenario, the CSP and CSP and TES systems have a negative NPV
making them commercial unviable options. However, the two systems have positive
NPV values for export cases. This concludes that CSP systems become more econom‐
ically viable as the size of the system (hence generated energy) increases.
For both cases, the PV system performed better than the CSP system both on the
technical performance—generated energy, renewable energy contribution—and eco‐
nomic performance—NPV, LCOE, and simple pay back.
In general, the systems with exports performed better in terms of technical and eco‐
nomic performance than base case scenarios. This is because the excess energy which
could have been clipped is exported gaining revenue in the process.
For the base case scenario, the PV and battery system performed better than the CSP
and TES system in both the technical and economic performances. With the exports
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scenario, CSP and TES generated more energy (which was largely exported) than the
PV and battery system because the simulated battery system was behind the meter.
Hence, exports were only limited to the excess energy generated by the PV system.
However, due to the high installation costs of the CSP and TES system, the PV and
battery system performed better on the economic performance despite producing
less energy.
In terms of renewable energy contribution and grid reliance, the PV and battery sys‐
tem out‐performed all the other systems with 63% and 37% (on both scenarios), re‐
spectively. The least performing system was the CSP base case.
In terms of NPV and LCOE, the PV system with exports performed better than the
other systems due to a low installation cost and the ability to export energy (hence
reduced clipping and grid limit losses). The CSP with no exports performed least on
LCOE while CSP and TES with no exports performed least as far as NPV is con‐
cerned.
In terms of land use, the CSP and TES system (with exports) required the biggest land
for development while the PV base case required the least.
As far as the installation cost is concerned, the CSP and TES system has the highest
cost while PV system has the lowest. The sensitivity analyses showed that a reduction
of about 30% in installation costs will improve the economic performance of the CSP
and TES system.
Table 19. Summary of key results.
No Export (Base Case)

Parameter
Installed capacity

with Export
CSP +
PV
TES
32 MW + 7
60 MWdc
h

PV

PV + Battery

CSP

37 MWdc

74 MW + 210
MWh (7 h)

32 MW

104

39.3

68.4

63

23.7

10.67
19.3

Annual Energy gener‐
55.1
ated (first year)/GWh
Renewable Energy con‐
33.3
tribution (to load)/%
LCOE (US cents/kWh)
4.76
NPV/USD Million
41.4
Energy Exported by Sys‐
‐
tem/%
Grid contribution (to
72.7
load)/%
Installation Cost/USD 0.76/Wdc
Land used/acres
114
Capacity Factor/%
19
Energy yield (kWh/kW)
1662
Simple pay back/years
5.1
Annual Electric bill sav‐
5.67
ings/USD Million

CSP +
TES
40 MW + 7
h

PV + Battery

CSP

74 MW + 210
MWh (7 h)

50 MW

99.7

121

94.7

127

41.3

39

63

28

41

16.32
−13.9

15.44
−17.3

4.34
47.7

9.4
31.4

12.13
3.96

10.45
28.6

‐

‐

‐

35

14

51

46

37

76.3

58.7

61

37

72

59

1.5/Wdc
228.2
18.6
1629
10.8

2.75/Wac
178
20.6
1802
‐

5.6/Wac
355
40.5
3552
20.9

0.76/Wdc
185
19
1662
6.3

1.5/Wdc
228.2
18.6
1629
9.7

3.35/Wac
383
24
2105
15.7

5.5/Wac
437
40.4
3540
12.9

10.7

4.1

7.15

7.52

12

9.68

13.2

Table 20 below shows the modelled results for LCOE (base case scenario) in compar‐
ison to the IRENA power generation costs in 2019 [40] and the Lazard’s levelized cost of
energy analysis 2020 [42]. With the exception for the PV and battery results, the modelled
results are slightly below or within range of the two references.

Energies 2021, 14, 3740

36 of 40

Table 20. Comparison of the LCOE (base case values) with the literature.

Renewable Energy
System
PV
PV + Battery
CSP
CSP + TES

Base Case Values
(USD cents/kWh)
4.76
10.67
16.32
15.44

IRENA Values (USD Lazard Values (USD
cents/kWh) [40]
cents/kWh) [42]
6.8
3.1–4.2
‐
‐
18.2
‐
‐
12.6–15.6

From the analysis above, the PV and battery system will be the recommended system
for development. This is mainly because the system was able to reduce the annual grid
reliance of the mine to only 37% (considering that the dispatch design was not meant to
include the off‐peak period which constitutes 32% of the annual mine load). The CSP and
TES system has the potential to be economically competitive if exports are allowed (hence
a bigger capacity) and if the installation costs are reduced by at least 30%.
5.2. Discussion of Results
The object of this report was to analyse the potential of integrating PV (and battery)
and CSP (and thermal storage) systems to the Zimbabwean mining sector. The results
from the PV and CSP models show that the economic performances of these two are
within the predicted figures according to the IRENA renewable cost database for 2019
[40]. However, the technologies do not follow the demand profile for the mine due to their
intermittent nature and their unavailability during night‐time due to the solar irradiance.
This implies that the technologies will not cover the peak period—which is the period
suspectable to load‐shedding—making it unattractive for implementation.
The addition of the battery to the PV system extended the operational time of the PV
system covering the peak hours which are susceptible to load‐shedding and the ability to
work during cloudy day‐time conditions. Similar results were recognised with the addi‐
tion of thermal storage to the CSP system. However, the difference between the two sys‐
tems is that the PV and battery system is more profitable which will make it difficult to
find investors for the CSP and thermal storage system. It is important to note that the
results of the CSP and TES system (export case) shows that if there is high utilisation of
the hybrid system, the LCOE of the system decreases (NPV increases) as predicted by
Wang [43] and becomes competitive with the PV and battery system. This means this can
be an attractive option for very large mines which have a higher demand.
Nationally, the energy yield results from the models show that such a project will be
beneficial to the country as whole. Taking for instance the 63% reduction in grid reliance
for the PV and battery system, this will mean that this extra energy will be rechannelled
to other sectors of the economy improving both productivity and social wellbeing for the
benefit of the population. Moreover, the addition of storage (either to PV or CSP) showed
that the renewable systems were able to reduce the grid reliance during peak hours, hence
the utility will be saved from importing power during this period, thereby using the al‐
ready in‐short supply foreign currency for other sectors of the economy. Moreover, a pro‐
ject of such a magnitude will contribute positively towards the achievement of the na‐
tional target of having at least 16.5% of overall electricity coming from renewable energy
by the year 2025.
6. Conclusions
This research was aimed at analysing the technical and economic performance of CSP
(and thermal storage) and PV (and battery storage) as applied to a typical mine in Zimba‐
bwe. The analysis showed that the PV and battery models could offset about 63% of the
annual mine load. This is approximately double the contribution of PV system alone as
the addition of the battery firmed up the generation of the renewable system. However,
there is a need to optimise the PV size relative to the battery storage size (and load profile)
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as the analysis shows that the larger the capacity of the two systems, the lower the eco‐
nomic performance.
The CSP and TES system managed to offset about 41% of the annual mine load
against 24% (base case) of CSP alone. Design parameters such as solar multiple, storage
hours, design point DNI, and solar field subsection need to be optimised based on the
given demand profile. The analysis shows that CSP systems performed better economi‐
cally with exports allowed which translates to a bigger plant capacity.
Both the technical and economic performances of all the simulated models were bet‐
ter with the option of exporting to the grid. For models with storage systems, the ability
to export energy during peak periods where the electricity tariff is highest certainly
boosted the economic performance thereof. With exports, CSP + TES LCOE was compa‐
rable to that of PV and battery (US cents 10.45/kWh vs. 9.4/kWh respectively) something
that was not the case with no exports (US cents 15.44/kWh vs. 10.67/kWh, respectively).
The installation costs of the CSP systems are currently still high when compared to
the PV systems. For instance, the CSP and TES installation cost was over double than that
predicted for PV and battery. Moreover, the land required to develop the CSP technology
is close to twice the land required for PV systems.
The recommended system based on the analysis carried out will be the PV and bat‐
tery system. The CSP + TES system shows great potential if the exports to the grid are
allowed, if there is a bigger load, and the installation cost falls by at least 30%.
The curve for LCOE is a mirror image of the annual energy with its lowest value
(US$0.048/kWh) at a tilt angle of 20°. The highest energy generated was found at an azi‐
muth angle of 00 (North facing) and together with the lowest value of LCOE US5.50/kWh.
The annual energy increases steadily up to a GCR of 0.45 where it starts to flatten out. At
a GCR of 0.45 the interrow distance is about 2.4 m. The performance ratio of the plant is
predicted at 77%. The predicted LCOE of this PV system is USD 0.048/kWh which is com‐
parable to the weighted average LCOE of USD 0.045/kWh in other parts of the world. The
2 h storage battery has 3 PV sizes viable while the 12 h battery storage is only viable for 2
PV sizes. The expected capacity factor of the system is 18.6% with a performance ratio of
75% and a battery roundtrip efficiency of 92.7%. The losses resembled that of the modelled
PV with the addition of the battery losses. As with the PV system, the most significant loss
was the grid connection limit with a value of around 13%. The optimum solar multiple
for the system is 1.25.
7. Future Work
The exports scenario for the PV and battery system was limited to behind the meter
battery (due to software limitations) and hence did not fully utilise the potential of the
battery system. When simulating in‐front of the meter battery in SAM there is no option
for the system to supply the local load. There is a need to explore the PV and battery
system (in front of the meter hence battery system can export to grid) where exports are
allowed while suppling the local load. The system promises to improve the economic per‐
formance and the overall generated renewable energy.
The combination of PV and CSP (and battery and TES) also need to be explored. The
anticipated benefits from the theory include an improved capacity factor and a reduced
LCOE. A dispatch strategy will need to be formulated to exploit the unique characteristics
of the systems. SAM software can be used as it has a way to simulate combined cases and
a platform to develop a dispatch algorithm to control the combined cases.
The possibility of implementing demand side management at the mine such ass load
shifting while evaluating different renewable energy sources need to be analysed. For in‐
stance, the possibility of utilising PV during the day to cover most of the load while reduc‐
ing the peak load, but at the same time exporting the energy from the battery system (dur‐
ing peak period) promises to have great economic benefits.
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Appendix A. SAM Calculations for LCOE and NPV

Figure A1. SAM Calculations for LCOE and NPV
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