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Abstract. As hybrid renewable energy systems are increasingly adopted for rural electrification, this study presents an approach for optimizing off-
grid systems in resource-abundant regions. Using a Zambian case study, this study demonstrates actionable insights into the optimal selection and 
configuration of components for a renewable energy-based off-grid system designed for remote, unelectrified communities with access to solar, wind, 
and biomass resources. The system's technical, economic, and environmental performance was evaluated through simulation in HOMER Pro 
software, using various photovoltaic panel ratings (335W, 400W, and 445W), battery technologies (lead-acid, lead-carbon, and lithium-ion), and 
dispatch strategies (load-following, cycle-charging, predictive-dispatch, and combined-dispatch). Among several configurations, the one featuring a 
445W photovoltaic panel and a lithium-ion battery operating under the load-following strategy demonstrated the lowest cost and highest 
environmental benefits. This configuration resulted in a total lifetime system cost of USD 3.857 million and a levelized cost of electricity of 0.1522 
USD per kilowatt-hour, while reducing emissions by 99.9% compared to a diesel-only system. Sensitivity analysis, considering ±20% variations in 
component costs and discount rate, showed that battery cost had the largest influence, causing a 5 to 12% variation in system cost. These findings 
suggest that combining high-efficiency solar panels with advanced battery storage and an appropriate dispatch strategy can significantly enhance the 
affordability and sustainability of off-grid renewable energy systems for rural communities worldwide. 
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1. Introduction 

The need for reliable access to energy plays a vital role in 
providing socioeconomic services to improve the social quality 
of life in any society. However, developing countries are faced 
with energy shortages in remote regions lacking grid supply. In 
this regard, Target 7.1 of the Sustainable Development Goal 
(SDG) No. 7 of the 2030 Agenda for Sustainable Development, 
strives to “guarantee access to reliable, affordable and modern-
day energy services universally”. Target 7.2 further strives to 
“substantially increase the portion of green energy in the world 
energy mix” (UN SDG Report, 2023). Saha et al. (2022) stateed 
that about 85% of the global energy is currently obtained from 
non-renewable sources and that in the near future, such 
resources will not be able to meet the desired demand due to 
their rapid rate of depletion. In response to the aforementioned 
facts, Ganjei et al. (2022) reported that many countries around 
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the world are increasingly planning to employ renewable energy 
sources (RES) to accomplish the energy demands of remote 
communities. The Zambian National Energy Policy of 2019 also 
recognizes that energy is the largest commodity market in the 
world and the need to manage it sustainably is increasingly 
becoming important (Ministry of Energy, 2019). The 2021 
World Bank Collection of Indicators reported that power supply 
is accessible to only about 47% of the Zambian populace with 
urban areas standing at 86%, while for rural areas, accessibility 
to power supply stood at a mere 14.5% (World Bank Open Data 
Energy Progress Report, 2023). The 2023 SDG Tracking Report 
states that although the world continues to advance towards 
sustainability targets, the pace is not fast enough to achieve the 
set targets (UN SDG Report, 2023). 

It is well known that rural grid extension faces significant 
challenges due to rough terrain, low consumption, low 
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household earnings, underdeveloped transportation 
infrastructures, distributed consumer colonies, etc. (Sudarsan 
and Sreenivasan, 2022). As a result, residents of rural areas 
resort to diesel generators to meet their electricity demand. 
However, this mode of generation not only requires routine 
periodic maintenance but also poses drawbacks of causing 
pollution from greenhouse gas emissions and noise (Heyne et 
al., 2022). Micangeli et al. (2017) observed that electricity 
production using diesel generators is neither economically 
feasible nor eco-friendly. This energy circumstance can be 
reformed by harnessing renewable energy resources. However, 
although harnessing standalone RES can provide promising 
solutions, their usage on a single technology basis has the 
disadvantage of not being able to supply power on a continuous 
basis due to their intermittent nature both on a daily basis and 
time of the year (Bansal, 2022). One way of alleviating this 
drawback is through utilizing Integrated Renewable Energy 
Sources (IRES) comprising two or more RES, that can 
complement the intermittency of each other (Bahramara et al., 
2016). However, Khan et al. (2022) observed that as the 
capability of the RES, load demand, and economic parameters 
vary according to location, the design related to Hybrid 
Renewable Energy System (HRES) is therefore site specific. In 
this regard, Hassan et al. (2022) also emphasize that arriving at 
an optimal HRES design for a specific site, aspects such as size, 
component cost, and carbon emissions should be given special 
attention. Bishoge et al. (2019) point out that a huge biomass 
potential in the form of animal wastes exists in the Sub-Saharan 
Africa (SSA), which can be used to produce biogas to be used 
for off-grid generation of electricity using HRESs. This animal-
based potential unfortunately remains largely untapped (Shane 
and Gheewala, 2017; Shane et al., 2017; Gabisa and Gheewala, 
2018; Kaoma and Gheewala, 2020). Consequently, not much 
investigation into hybrid biogas based electric systems can be 
found for regions within SSA. In this vein, Kaoma and Gheewala 
(2021a) present initial insights on sustainability performance of 
biomass-based systems in Zambia and recommend more in-
depth investigations on the application of such systems for both 
cooking and electricity generation. Kaoma and Gheewala 
(2021b) also identify two key opportunities for deploying bio-
energy systems in rural Zambia as the abundant availability of 
biomass and uneconomical costs of grid extension. 

Energy storage is critical to the reliability and cost-
effectiveness of hybrid renewable systems. Batteries not only 
provide backup during intermittency (Babatunde et al., 2020; 
Bukar et al., 2019) but also reduce reliance on diesel gensets, 
whose use in rural areas is constrained by fuel price volatility, 
high operating costs, and emissions (Dhavala et al., 2021; 
Dibaba, 2019). While coupling renewables with diesel can yield 
cost savings (Kumar & Saini, 2020), the broader consensus is 
that storage integration is essential for sustainable off-grid 
systems. 

Existing studies have applied diverse optimization 
approaches to HRES design. Some have examined PV, wind, 
and diesel combinations (Chauhan & Saini, 2016; Bukar et al., 
2019), others have compared battery technologies under 
varying climatic or economic conditions (Biramo, 2020; Khan et 
al., 2022), and several have investigated dispatch strategies 
(Ramesh & Saini, 2020; Chaurasia et al., 2022). These works 
highlight that technology choice, particularly battery type, and 
control strategies strongly shape system costs and emissions. 
However, most investigations consider one dimension at a time 
(e.g., battery type, dispatch method, or PV rating) and rarely 
assess their combined influence. 

Moreover, while there is growing work in Asia and India 
(e.g., Abdulkarim et al., 2018; Bhatt et al., 2022), few comparable 
studies exist for Sub-Saharan Africa. In Zambia, despite 

abundant renewable and biomass potential (Virdy & Yamba, 
2013), little has been done to evaluate integrated 
PV/WT/BG/DG/BT systems. In particular, the role of lead-
carbon batteries remains underexplored relative to lead-acid 
and lithium-ion technologies, and the combined effects of PV 
panel sizing and dispatch strategies on both economics and 
emissions have not been systematically studied. 

To address these gaps, this paper simultaneously evaluates 
(i) three PV panel ratings (335, 400, and 445 W), (ii) three battery 
technologies (lead–acid, lead–carbon, lithium-ion), and (iii) four 
dispatch strategies load following, Cycle Charging (CC), 
Combined Dispatch (CD) and Predictive Dispatch (PD) in a 
Zambian village context. In addition, we incorporate biogas 
generation, an abundant but underutilized resource in the 
region, and apply a multi-criteria decision analysis (MCDA) that 
jointly considers cost and environmental performance. This 
integrated approach provides more comprehensive insights for 
rural electrification planning than prior single-dimension 
studies. 

 
2. Study Area 

Two neighboring un-electrified villages, namely Bunda-Bunda 
North and Lyamina in Chinyunyu area, Lusaka Province in 
Zambia have been considered as the study area. The location 
lies about 90km east of Lusaka, the capital city of Zambia. The 
specific location of Bunda-Bunda North is -15.265791S, 
29.004468E, while that for Lyamina is -15.257303S, 29.017347E. 
The eastern border of Lyamina village is in form of a stream 
from the Chinyunyu hot spring. The choice for selecting this 
study area was made after considering the activities taking place 
in the area. Bunda-Bunda North village has a clinic, secondary 
school, church, and a police post and road side shops. The 
village has 500 households, while Lyamina has about 35 
households and touches the hot spring heritage center. The total 
number of households in the chosen is therefore 535 with an 
average of 6 members per household at the time of the survey, 
giving an estimated population of 3210The major economic 
activity for both villages is crop and livestock farming. the main 
crops grown are maize, groundnuts, tomatoes, onions, and okra, 
and the main animals found in the area are cattle, goats, sheep, 
pigs, chickens, and guinea-fowls. The two villages are also 
chosen as a combined community since they have similar 
demographic characteristics and share a common 
administration. 

As the study area is not electrified, the main sources for 
lighting are candles, battery torches, and small solar lamps. As 
the area has abundant vegetation, the main sources for heating 
and cooking happen to be charcoal and firewood. The 

 
Fig.1. Satellite map of Chinyunyu area 
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geographic location of the research site with the main entities 
considered for power supply from the designed HRES is shown 
in Fig. 1. 

2.1. Load Assessment 

A field survey was conducted to assess the load demand for the 
area with regard to the number of households, clinic, school, 
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church, and police post in the area. The loads were then 
classified as domestic, commercial, community, and agricultural 
loads. The domestic load comprises households. Commercial 
load comprises roadside shops, bars, and a milling plant. The 
community load comprises a church, school, health center, hot 
spring heritage site, and a police post. The agriculture load 
mainly comprises water pumps for irrigation purposes. The 
various electrical appliances considered for the load estimation 
are a bulb, a mobile phone, a radio, a TV, a laptop, a fridge, a 
fan, an electric stove, music equipment, office equipment, an HF 
radio, a street light, a water pump, and a milling plant. Detailed 
disaggregated tables showing appliance ownership, ratings, 
seasonal usage patterns, and facility-level loads for the domestic 
and commercial sectors are presented in Tables 1 and A1, 
respectively. 

The daily energy consumptions for the three seasons were 
estimated using Eq. (1) (Ramesh and Saini, 2021): 

𝑬𝑫𝒆𝒎𝒂𝒏𝒅 =
∑  (∑ 𝒏𝑳𝒐𝒂𝒅−𝒊,𝒋 × 𝒓𝒓𝒂𝒕𝒊𝒏𝒈−𝒊,𝒋 × 𝑻𝑫𝒖𝒓𝒂𝒕𝒊𝒐𝒏−𝒊,𝒋

𝑳𝒐𝒂𝒅
𝒊 )

𝑻𝒚𝒑𝒆
𝒋=𝟏

𝟏𝟎𝟎𝟎
           (𝟏) 

 
Where: EDemand is the load demand (kWh), nLoad-i,j is the number 
of ith load under jth type,   rrating-i,j = rating of ith load under jth 
type (kW), and TDuration-i,j is the duration of ith load under jth type 
(hours). 
The day-to-day energy consumptions are estimated as 966, 
1256, and 1492 kWh/day for the rainy (Dec. – Mar.), cool-dry 
(Apr. – Aug.) and summer (Sep. – Nov.) seasons respectively, 
and the daily peak loads are estimated as 312 kW for the 

summer season and about 291 kW for both the rainy and cool-
dry seasons. The respective load curves, showing these peak 
loads on a daily basis for the three seasons, are shown in Fig. 2. 

2.2. Resource Assessment 

This section describes how the various resources available in 
the study area are estimated. Fig. 3 shows the climatic data of 
the area. 

2.2.1. Solar Resource 

The resource for solar radiation was retrieved from the NASA 
laboratory linked within the HOMER Pro software. The annual 
average solar irradiation was 5.63 kWh/m2/day. The global 
irradiation and clearness index of the research site are shown in 
Fig. 3a. 

2.2.2. Wind Resource 

The wind data was retrieved from the NASA laboratory linked 
within the HOMER software. The annual average wind speed 
was   5.28 m/s. The data for the wind resource of the study area 
is as shown in Fig. 3b. 

2.2.3. Biogas Resource 

The information for biogas resource has been obtained from the 
Ministry of Livestock and Fisheries located at a distance of 6km 
east of the study area. The Ministry provided the number of 
chickens, guinea fowls, goats, cattle, sheep, and pigs present in 
the area. It has been observed that collecting biomass may be a 
challenge because the animals and poultry in Africa tend to 
roam freely while grazing from place to place in search of feed. 
Therefore, in this study, zero grazing is assumed to estimate the 
collection efficiency of animal dung and poultry droppings. A 
gathering efficiency of 60 % is applied to determine the actual 
amount of animal dung and poultry droppings collected 
(Mwakitalima, 2023). The total daily feedstock for the area is 
then estimated using Eq. (2), following Werner et al. (1989): 

𝑭𝑻𝒐𝒕𝒂𝒍 = ∑ 𝑵𝒊 ×𝑭𝒊
𝒏
𝒊=𝟏  × 𝜼𝒈    (2) 

Where: FTotal is the total feedstock (kg), Ni = number of animals 
of type i, Fi is the daily amount of feedstock produced by animal 
of type i (kg/day), n is the total number of different animal types, 
and ηg is the gathering efficiency of feedstock (taken as 0.6). 
The total daily feedstock for the area was estimated as 5.25 
tonnes/day. 
 
3. Methods   

Based on the resources present in the research site, i.e., 
solar, wind, and biomass, several HRES configurations are 
compared based on the economic indicators namely NPC and 
COE. In particular, four cases have been considered for the 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0

25

50

75

100

125

150

175

200

225

250

275

300

325

Hour of the Day

L
o

a
d

 D
e
m

a
n

d
 (

k
W

h
)

Rainy Cool Dry Summer Summer Peak Load

312.64kWh

Rainy / Cool Dry Peak Load

291.48kWh

 
Fig.2. Daily load curves for the summer, rainy and winter seasons 
of the study area 
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Fig. 3 Monthly climatic data for Chinyunyu area 
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detailed analysis, i.e, PV/WT/DG/BG/BT, PV/DG/BT, 
PV/BG/BT, and PV/BT, defined as Case I, Case II, Case III, 
and Case IV, respectively. These are compared with the base 
case (DG only), In order to mitigate the effect of carbon 
emissions and making the system environmentally friendly, the 
diesel generator is omitted in the hybrid model. However, the 
diesel generator is used as a base case model to form a basis for 
the economic feasibility of the proposed HRES.  

Fig.4 shows the schematic layout of the HRES configuration 
comprising PV array, wind turbine (WT), diesel generator (DG), 
biogas generator (BG), battery (BT), and bi-directional converter 
connected to the load. The DG is coupled to the AC-bus while 
the PV, WT and battery are connected to the DC-bus. The bi-
directional converter is coupled to both the AC and DC buses. 

The procedure adopted in the present study consists of 
three main phases, namely pre-HOMER data collection, 
HOMER simulations, and post-HOMER analysis, as shown 
schematically in Fig.5.The theoretical analysis required to arrive 
at a technically feasible solution for a real-life HRES required is 
quite complex. HOMER pro software is chosen in this work as 
it helps in simplifying the analysis to determine the optimal 
model within set constraints to arrive at the best solution by 
calculating the Net Present Costs (NPC), Cost of Electricity 
(COE), emissions and other relevant parameters for various 
solutions obtained. The load and resource estimation are 
performed in Phase-I. In Phase-II, HOMER is used to carry out 
simulations to give a number of viable designs comprising the 
chosen components along with the irrespective performance 
characteristics under specific constraints. In Phase-III, the 
outcomes of the various designs are compared based on their 
respective constraints like renewable fraction, duty factor, 
pollutant emissions, etc., specified in Phase-II, from which the 
desired solutions are selected for further analysis. 

3.1. Components of the proposed HRES 

This section presents the mathematical modelling of the 
components used in the proposed HRES. 

3.1.1. Solar PV Array 

The PV array uses the solar radiation to generate power. 
HOMER utilizes Eq. (3) to estimate the power output from the 
PV array as follows (Akhtari and Baneshi, 2019): 

𝑷𝑷𝑽 = 𝒀𝑷𝑽𝒇𝑷𝑽 (
𝑮𝑻

𝑮𝑻,𝑺𝑻𝑪
) [𝟏 + 𝜶𝒑(𝑻𝑪 − 𝑻𝑪,𝑺𝑻𝑪)]  (3) 

Where, YPV is the PV array's rated capacity under standard test 
conditions (kW), fPV is the derating factor which accounts for 
losses due to wire losses, shadow, dirt, temperature, etc. (%), GT 

is the hourly incident solar radiation at the surface of the solar 
PV modules under working conditions (kW/m2), GT,STC is the 

 
 
Fig. 4: Schematic representation of the proposed HRES 

 

 
 

Fig. 5 Procedure adopted using HOMER software 
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incident radiation at standard conditions (1 kW/m2), αp is the 
temperature coefficient of power of the PV array (%/oC), TC is 
the PV cell temperature under the current time step (oC), and 
TC,STC  is the temperature of the PV array at standard conditions 
(25oC). 
If the effects of temperature are insignificant, the output power 
from the PV array is expressed by Eq. (4) as follows (NREL, 
2019): 

𝑷𝑷𝑽 = 𝒀𝑷𝑽𝒇𝑷𝑽 (
𝑮𝑻

𝑮𝑻,𝑺𝑻𝑪
)    (4) 

The PV array energy balance is expressed by Eq. (5) as 
follows: 

𝝉𝜶𝑮𝑻 = 𝜼𝒄𝑮𝑻 +𝑼𝑳(𝑻𝒄 − 𝑻𝒂)   (5) 

Where: τ is the Transmittance of the solar PV modules (%), α is 
the absorptance of the PV modules (%), UL is the coefficient of 
heat transfer to surroundings (kW/m2°C), and Ta is the ambient 
temperature (oC). 
 
Eq. (4) can be rearranged into Eq. (6) to give the PV array cell 
temperature as follows: 

𝑻𝒄 = 𝑻𝒂 + 𝑮𝑻 (
𝝉𝜶

𝑼𝑳
) (𝟏 −

𝜼𝒄

𝝉𝜶
)    (6) 

Since the quantity (τα/UL) can rarely be obtained directly by 
taking the values (NOCT = 0.8 kW/m2, Ta = 20oC and ηc = 0), 
and expressing it in terms of the Nominal Operating Cell 
Temperature (NOCT) as in Eq. (7): 
 
𝝉𝜶

𝑼𝑳
=

𝑻𝒄,𝑵𝑶𝑪𝑻−𝑻𝒂,𝑵𝑶𝑪𝑻

𝑮𝑻,𝑵𝑶𝑪𝑻
     (7) 

Where, TC,NOCT is the Nominal Operating Cell Temperature, 
Ta,NOCT is the ambient temperature at NOCT, and GT,NOCT is the 
solar radiation at NOCT. 

Taking (τα/UL) as a constant and (τα = 0.9), Eq. (6) can be 
inserted into Eq. (5) to express TC as Eq. (8): 

 

𝑻𝒄 = 𝑻𝒂 + 𝑮𝒕 (
𝑻𝒄,𝑵𝑶𝑪𝑻−𝑻𝒂,𝑵𝑶𝑪𝑻

𝑮𝒕,𝑵𝑶𝑪𝑻
) (𝟏 −

𝜼𝒄

𝟎.𝟗
)  (8) 

The average clearness index on a monthly basis is estimated 
using Eq. (9) 

𝑲𝒕 =
𝑯𝒂𝒗𝒈

𝑯𝟎,𝒂𝒗𝒈
     (9) 

Where: Kt is the Clearness index (ranging between 0 – 1), Havg is 
the Average radiation on Earth's horizontal surface 
(kWh/m2/day), and H0,avg is the radiation at the top of the earth's 
atmosphere on a horizontal plane (kWh/m2/day). 

3.1.2. Wind Turbine 

The wind power calculation conducted by HOMER considers 
each time interval. In the first interval, the wind speed at the hub 
height of the turbine is estimated. The power produced by the 
turbine at a specific wind speed under a given air density is then 
calculated (Rai et al., 2021). The power generated by a wind 
turbine can be calculated by Eq. (10) (Das et al., 2017): 

 

𝑷𝑾 =

{
 

 
𝟎,                                                 𝑽 ≤ 𝑽𝑪𝒖𝒕−𝒊𝒏𝒂𝒏𝒅 ≥  𝑽𝑪𝒖𝒕−𝒐𝒖𝒕
𝑷𝒓(𝑽 − 𝑽𝑪𝒖𝒕−𝒊𝒏)

𝑽𝒓 − 𝑽𝑪𝒖𝒕−𝒊𝒏
,                                             𝑽𝑪𝒖𝒕−𝒊𝒏 ≤ 𝑽 < 𝑽𝒓

 𝑷𝒓, 𝑽𝒓 ≤ 𝑽 < 𝑽𝑪𝒖𝒕−𝒐𝒖𝒕 }
 

 
 

      (10) 

Where: Pr is the rated power of the wind turbine (kW), Vr  is the 
rated wind speed (m/s), VCut-in is the cut in speed (m/s), VCut-out is 
the furlong (or cut out) speed (m/s), and V is the wind speed at 
the desired height (m/s). 
The wind speed, V (m/s) at the hub height, H (m) relies on the 
geographical location of the site and differs from that at the 
reference (or base) height. It is computed from Eq. (11) (Singh 
et al., 2016): 

𝑽 = 𝑽𝑩𝒂𝒔𝒆 (
𝑯

𝑯𝑩𝒂𝒔𝒆
)
∝

    (11) 

Where: V is the Wind speed (m/s) at the desired height H (m), 
VBase (m/s) is the wind speed at the base height, HBase (m), α is a 

dimensionless power law coefficient, which accounts for the change 

in wind speed with height above the ground, and ranges between 

0.1-0.4.  

The power from the wind turbine power is estimated using Eq. 
(12) (Kumar and Rao, 2022): 

𝑷𝑾𝑻𝑮 = (
𝝆

𝝆𝟎
) 𝑷𝑾𝑻,𝑺𝑻𝑷    (12) 

 
PWTG is the Power of the Wind Turbine Generator (kW), PWT, STP 
is the Power of the Wind Turbine at Standard Temperature 
and Pressure (i.e., standard conditions) (kW) 
 
3.1.3. Diesel Generator (DG) 

Whenever the battery storage of the HRES is unable to satisfy 
the load demand, the DG system is engaged as an additional 
power generation unit. The rating of the generator in HOMER 
Pro is computed using the “auto-size” function. The 
corresponding generator fuel consumption is estimated from 
Eq. (13) (Razmjooet et al., 2019): 

𝑭 = (𝑭𝟎,𝑫𝑮 × 𝒀𝑫𝑮) + (𝑭𝟏,𝑫𝑮 × 𝑷𝑫𝑮)   (13) 

Where: F0,DG is the coefficient of fuel curve intercept 
(units/hr/kW), F1,DG is the gradient of the fuel curve 
(units/hr/kW), YDG is the rated capacity of the generator (kW); 
and PDG is the power output of the generator (kW). 
 
3.1.4. Biogas Generator (BG) 

The daily power generated is given by Eq. (14) as follows (Viyaj, 
2016; Zala and Jain, 2017):  

𝑷𝑩𝑰𝑶𝑮 =
𝑸𝑩𝑰𝑶𝑮×𝑪𝑽𝑩𝑰𝑶𝑮×𝜼𝑩𝑰𝑶𝑮

𝑻𝑶𝑷𝑫
    (14) 

Where: PBIOG is the power output from the biogas generator 
(kW), QBIOG is the quantity of biogas available (m3). The average 
gas production from 1kg of fresh animal waste is taken as 0,04 
m3 of biogas. Therefore, QBIOG  is obtained as 210 m3 of biogas 
from the estimated 5.25 tonnes of collection per day. CVBIOG is 
the calorific value of the biogas and ranges between 21-
23MJ/m3 (taken as 22MJ in this work). A conversion factor of 
0.278 kWh per MJ of energy is taken to convert the assumed 
value into approximately 6 kWh. ηBIOG is the typical efficiency of 
the biogas generator and ranges between 25%-40% (taken as 
32% in this work). TOPD is the operational duration (h) (taken as 
24 hrs in this work).   

Substituting the values into Eq. (14), gives an approximate 
biogas generator output of 16.8 kW.    

3.1.5. Battery 

HOMER employs the kinetic battery model to calculate the 
energy drawn out or taken in by the battery storage (Khan et al., 
2022). The allowable maximum charging and discharging power 
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of the battery bank is obtained from Eq. (15) (Baneshi and 
Hadianfard, 2016): 

𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙 = 
𝒎𝒊𝒏(𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒌𝒃𝒎𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒎𝒄𝒓𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒎𝒄𝒄)

𝜼𝑩𝒂𝒕𝒕,𝑪
       (𝟏𝟓)

      

Where, ηBatt,c is the efficiency of charge storage and is given by 
Eq. (16): 

𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒌𝒃𝒎 =
𝒌𝑸𝟏𝒆

−𝒌∆𝒕 +𝑸𝒌𝒄(𝟏 − 𝒆−𝒌∆𝒕)

𝟏 − 𝒆−𝒌∆𝒕 + 𝒄(𝒌∆𝒕 − 𝟏 + 𝒆−𝒌∆𝒕)
       (𝟏𝟔) 

The power of storage charging that corresponds to the 
maximum charging rate is estimated using Eq. (17) as: 

𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒎𝒄𝒓

=
(𝟏 − 𝒆−𝜶𝒄∆𝒕)(𝑸𝒎𝒂𝒙 −𝑸)

∆𝒕
                                                (𝟏𝟕) 

The power of storage charging that corresponds to the 
maximum charging current is estimated using Eq. (18) as: 

𝑷𝑩𝒂𝒕𝒕,𝑪𝒎𝒂𝒙,𝒎𝒄𝒄 =
𝑵𝑩𝒂𝒕𝒕×𝑰𝒎𝒂𝒙×𝑽𝒏𝒐𝒎

𝟏𝟎𝟎𝟎
   (18) 

 
Where: k is the Constant for the storage rate (h-1), Q1 is the SOC 
during the initial time step (kWh), ∆𝒕 is the Time step duration 
(h), Q is the total amount of energy in the battery at any time 
(kWh), c is the capacity ratio of the battery, αc is the maximum 
charging rate of the battery (A/Ah), NBatt is the number of 
batteries, Imax is the peak charging current of the battery (A) and 
Vnom is the nominal voltage of the battery (V) 
 
3.1.6. Bi-directional converter 

The converter is sized to an appropriate power capacity to 
connect the AC and DC buses and inter-conversion from DC to 
AC. The converter functions as a power conditioning unit and 
sustains the power flow in the HRES. The efficiency of the 
converter is calculated from Eq. (19) (Khan et al., 2022): 

𝜼𝒊𝒏 =
𝑷𝒐

𝑷𝒊𝒏
      (19) 

Where: 𝜼𝒊𝒏 is the Inverter Efficiency, 𝑷𝒐is the Power output 
from inverter, and 𝑷𝒊𝒏 is the Power input into the inverter 
 
For this work, the converter size is taken as 10% greater than 
the peak load.  
 
3.1.7.  Justification of Critical Assumptions 
 
Battery Charging Efficiency 

The round-trip charging efficiency for each battery type was 
obtained from manufacturer datasheets and peer-reviewed 
literature. For lead-acid batteries, a value of 85% was adopted 
(Baneshi & Hadianfard, 2016; Khan et al., 2022), consistent with 
both HOMER Pro default settings and experimental results from 
similar rural off-grid applications. For lead-carbon batteries, a 
slightly higher efficiency of 88% was assumed, reflecting 
improved charge acceptance reported in recent studies (Mala & 
Saini, 2020). Lithium-ion batteries were assigned a 95% 
efficiency, based on published specifications for LiFePO₄-based 
modules suitable for off-grid use (Bhatt et al., 2022). These 
values were cross-checked against HOMER defaults to ensure 
internal consistency. 

PV Derating Factor 

A derating factor of 90% was applied to account for combined 
system losses due to wiring, dust accumulation, temperature 
effects, and minor shading. This value was selected based on 
National Renewable Energy Laboratory (NREL, 2019) 
guidelines and field measurements in sub-Saharan Africa, where 
soiling and high ambient temperatures are common (Micangeli 
et al., 2017). A ±5% variation in this factor was tested to confirm 
that results were robust, with less than 3% impact on LCOE. 

Biogas Yield Estimates 

The biogas yield from livestock manure was calculated using an 
average production rate of 0.04 m³/kg of fresh waste, consistent 
with values reported in Werner et al. (1989) and Mwakitalima et 
al. (2023) for cattle, goats, pigs, and poultry manure under 
mesophilic digestion. The calorific value was taken as 22 
MJ/m³, aligned with standard literature values (Zala and Jain, 
2017). A collection efficiency of 60% was assumed due to the 
free-grazing nature of livestock in the area. This figure was 
obtained from the Zambian Ministry of Livestock and Fisheries. 
 
3.1.8. Pollutant emissions 

HOMER calculates the emissions resulting from running the 
diesel generator. In particular, emissions in the form of carbon 
dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons 
(UHC), particulate matter (PM), Sulphur dioxide (SO2) and 
nitrogen oxides (NOx), are calculated by determining the 
emission factor for each pollutant (kg of pollutant emitted per 
unit of fuel consumed). This factor is multiplied by the total 
annual fuel consumption to get the annual emissions of the 
respective pollutant HOMER Pro 3.14 User Manual, (2020). 

3.2. HRES Economics 
 
The economic parameters used to appraise the feasibility of 
the designed HRES are the COE and NPC.  
 
3.2.1. Cost of Energy (COE) 
 
The COE is calculated from Eq. (20) (Li et al., 2022): 
 

𝑪𝑶𝑬 =
𝑪𝒂𝒏𝒏,𝒕𝒐𝒕

𝑬𝑺𝒆𝒓𝒗𝒆𝒅
     (20) 

 
Where: 
 

𝑪𝒂𝒏𝒏,𝒕𝒐𝒕 = 𝑪𝑹𝑭(𝒊 × 𝑹𝑷𝒓𝒐𝒋)𝑪𝑵𝑷𝑪   (21) 

 
Where: 
 

𝑪𝑹𝑭 =
𝒊(𝟏+𝒊)𝑵

(𝟏+𝒊)𝑵−𝟏
     (22) 

 
Where: Eserved is the total electrical energy served in a year 
(kWh/yr), Cann.tot is the total cost of the HRES in a year 
(USD/yr), CRF is the Capital Recovery Factor,  
i is the real discount rate, N is the number of years,  
CNPC is the Net Present Cost and RProj is the project lifetime. 

3.2.2. Net Present Cost (NPV) 

The NPC of the HRES is essentially the today’s value of all 
capital and O&M costs over the project life minus the present 
value of all the income that the system earns over the project 
ifetime (Ramesh and Saini, 2020). 
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3.3. Techno-Economic Specifications of the HRES components 
 

This study considered three types of solar PV panels, rated 
at 335 W, 400 W and 445 W, one wind turbine, rated at 1 kW, 
three types of batteries namely 100 Ah LA, 200 Ah LC, and 100 
Ah Li- ion, and a converter rated at 344 kW. The specifications 
of the main components that were considered as inputs into 
HOMER are presented in Table 2.  

To ensure realistic operation, the following constraints were 
applied in HOMER Pro during optimization: Maximum annual 
capacity shortage is limited to 0% of the total annual load to 
guarantee supply reliability; Minimum State of Charge (SoC) for 
batteries is fixed at 10%, 20% and 20% for Li-Ion, LA and LC 
respectively, to preserve battery health and extend storage life; 

Minimum and maximum renewable penetration is capped at 
55% and 100% respectively, to ensure grid stability and avoid 
excessive curtailment; Dispatch strategies, Predictive Dispatch 
(PD), Cycle Charging (CC) or Load Following (LF) are chosen to 
balance fuel consumption and battery cycling; Project lifetime 
and component replacement limits are defined to reflect 
realistic system durability and cost recovery as indicated in 
Table 2. 

3.4. Dispatch strategies 

For enhanced system performance, the HRES system 
design requires an effective Dispatch Strategy (DS). The DS 
consists of a code that governs and operates the generators and 
storage batteries whenever the power from renewable energy is 
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unable to satisfy the load demand. The five main DS codes 
found in HOMER are Load Following, Cycle Charging, 
Combined Dispatch -, Generator Order (GO), Predictive 
Dispatch (PD), Intra-Time-Step Distribution (ITS) and Matlab 

Link (ML) (Kushwaha and Bhattacharjee, 2022). The four 
strategies that are considered for study are Load Following, 
Cycle Charging, Combined Dispatch and Predictive Dispatch. 
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The LF strategy code switches on the generator to deliver 
sufficient power to fulfill the demand, whilst energizing the 
battery by using the renewable energy sources (Fofang and 
Tanyi, 2020). In the CC strategy, the generators run at maximum 
capacity primarily to meet the load, and thereafter using the 
surplus power (if available) for energizing the batteries (Kumar, 
2022). The CD strategy code by-passes upcoming load 
estimation and uses the existing load to assess on whether or 
not to use the generator to energize the battery. Within the CD 
strategy, the CC strategy is utilized for low load, and LF is used 
for high load to aid in reducing the operating costs of the HRES. 

In the PD strategy code, the upcoming load and resources such 
as solar radiation and wind speed are “predicted” to help in 
reducing the HRES cost through cost-effective discharging of 
the batteries. 
 
3.5. Multi-Criteria Decision Analysis (MCDA) 

To integrate both economic and environmental performance 
into a single decision framework, a simple Multi-Criteria 
Decision Analysis (MCDA) approach was applied. The MCDA 
enables identification of the preferred Hybrid Renewable 
Energy System (HRES) configuration when decision priorities 
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Fig. 6a: NPCs with 335W PV Panel
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Fig. 6d: COEs with 335W PV Panel
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Fig. 6 The NPC and COEs obtained for the four HRES configurations considered. 
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vary between cost minimization and emissions reduction. To 
combine economic and environmental performance into a 
single decision framework, NPC and annual CO₂ emissions were 
selected as the evaluation metrics. Using Eq. (23), both metrics 
were normalized to a 0–1 scale using min–max scaling, with 
higher scores representing better performance (lower cost or 
lower emissions). 

𝑺𝒊,𝒋 =
𝒎𝒂𝒙(𝒙𝒋)−𝒙𝒊𝒋

𝒎𝒂𝒙(𝒙𝒋)−𝒎𝒊𝒏(𝒙𝒋)
     (23) 

Where: Sij is the normalized score for option i (systems design) on 
criterion j (economic cost and environmental impact) scaled to 
[0,1], max(xj) is maximum value for criterion j across all options, 
min(xj) is the minimum value observed for criterion j across all 
options, and xij is the performance of option i (system design) on 
criterion j. For cost metrics (NPC), lower values correspond to 
higher normalized scores, while for emissions, lower emissions 
correspond to higher scores. 

Three weighting schemes were applied: cost-centric (70% 
cost, 30% emissions), balanced (50% cost, 50% emissions), and 
environment-centric (30% cost, 70% emissions). For each 
configuration, a weighted score was calculated by multiplying 
the normalized cost and emissions scores by their respective 
weights and summing the results using Eq. (24). 

Weighted Scorei = (wcost × Scorecost,i)

+                                                    (wemissions
× Scoreemissions,i)                              (24) 

Where wcost and wemissions are the assigned weights for cost and 
emissions, respectively. 

The configurations were ranked under each weighting scheme 
to identify how the optimal choice shifts when priorities change. 
Cost-centric weights favor the lowest-cost system, 
environment-centric weights favor the lowest-emissions 
system, and balanced weights select a compromise between the 
two. 
 
4. Results and Discussion 

The performance analysis of the PV/WT/DG/BG/BT-based 
HRES being proposed is conducted by considering different 
ratings of PV panels, different dispatch strategies (LF, CC, CD, 
and PD), and different types of batteries (LA, LC, and Li-ion). 
The HRES performance is further analyzed in reference to 
pollutant emissions and sensitivity. The NPC and COE are found 
to be USD 14,101,860 and USD 0.5523, respectively, for the 
base case. The results obtained in this study are found to be 
comparable to those reported from case studies for similar rural 
electrification projects carried out in other parts of Zambia and 
Sub-Saharan Africa as summarized in Table 3.    
 
4.1. Techno-economic analysis with respect to PV panels 

The techno-economic analysis of the proposed HRES is 
evaluated by considering three different ratings of PV panels, 
viz., 335, 400, and 445 W. The obtained NPC and COE of the 
HRES using three different ratings of PV panels, battery 
technologies, and four different dispatch strategies, are given in 
Fig 6(a-f). For the 335 W and 400 W PV panels, the lowest NPC 
values under the load-following (LF) strategy are observed in 
Case-1 (PV/WT/DG/BIOG/BT), indicating that a diversified 
mix of renewables with storage provides the most cost-effective 
option at lower PV capacities. However, when the 445 W PV 
panel is considered, the trend changes: Case-2 (PV/DG/BT) 
emerges as the most economical, highlighting that higher-

capacity PV modules reduce the reliance on additional 
renewable components, making a simpler configuration more 
favorable. This demonstrates that the choice of optimal 
configuration is sensitive to PV panel capacity, with larger 
modules shifting the balance toward leaner system designs. The 
results show that the NPC is maximum when the lead-carbon 
type battery is used under the cycle charging (CC) strategy. 
Furthermore, it has been noted that the 400 W PV panel offers 
the highest NPC whereas the 335 W PV panel yields lower NPC. 
When compared to the 335 W and 400 W PV panels, it is evident 
that the 445 W PV panel provides the best outcomes. For 
example, using a 400 W PV panel and an LC battery under the 
CC strategy in Case-4, the NPC value is found to be 34 % more 
than the base case. However, using the 335 W PV panel, the 
NPC is found to be 32 % more than the base case. Further, when 
using the 445 W PV panel, it is seen that the NPC is only about 
31 % more than the base case. These values happen to be the 
maximum amongst the NPC values obtained from all the 
combinations. When using Li-ion battery under LF strategy for 
Case-2, the NPC is about 70% less than the base case using 400 
W PV panel whereas, for the 335 W PV panel, the NPC is about 
71 % less than the base case. However, with the 445 W PV panel 
the optimal NPC is obtained and about 72 % less than the base 
case. From the three different PV panel ratings, it is found that 
the 445 W PV panel turned out to be the most cost effective. 
Hence, further analysis of the HRES will be discussed with 
respect to 445 W PV panel only. 

In order to monitor the power sharing between different 
components of the system, the curves of output power for the 
base case, PV/WT/DG/BG/BT, PV/DG/BT/, PV/BG/BT and 
PV/BT whilst utilizing the Li-ion battery type under the LF 
strategy for a typical week from 1st December to 7th December 
are shown in Fig. 7(a-e). Fig. 7a shows that the power demand 
is met by the diesel generator, Fig. 7b shows that the load 
demand is met by PV/WT/DG/BG/BT HRES which consists 
of all the system components which are considered. Whenever 
solar radiation is available, the major portion of  load demand is 
met by PV panels. However, the Biogas generator delivers a 
constant power output of 16.8 kW, while the wind generator 
contributes a 1 kW power output. The batteries discharge power 
when renewable energy resources are unavailable, typically 
during the night when solar energy, the dominant resource, is 
absent.  During this period, if the SoC of the battery is less than 
10 %, the DG is turned on. Fig 7c shows that in the PV/DG/BT 
configuration, the battery and DG deliver power similarly to Fig 
7b. Fig. 7d reveals that in the PV/BG/BT configuration, the BG 
delivers 16.8 kW, which is insufficient to meet the peak demand. 
Consequently, the load must be supplied by the PV system and 
batteries. This results in an increase in the NPC and COE by 
about 25% compared to the PV/WT/DG/BG/BT 
configuration. From Fig. 7e, it is observed that the load demand 
must be met entirely by the PV system and batteries. The 
increase in NPC and COEs is the same as Fig. 7d. The curves 
show that apart from the base case, during sunshine hours, the 
electric load demand is mainly met by the PV system, which 
also energizes the battery bank. At night, the battery, wind 
turbine, and generator cater to the demand. It is also seen that 
the demand is first met by the battery bank and that both the 
diesel and biogas generators only “kick in” during the early 
hours of the morning or during periods of low solar radiation or 
low clearness index, when the batteries discharge below the 
predefined 10% limit. 
 
4.2. Effect of different strategies on HRES Performance 
 
To evaluate the effect of LF, CC, CD and PD strategies on the 
functioning of HRES, four distinct configurations (Case-1, Case-
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2, Case-3, and Case-4) have been considered. Out of them, the 
PV/DG/BT (Case-2) is found to be the optimal configuration. 
The NPC and COE parameters under the PV/WT/DG/BG/BT 
(Case-1) configuration are found about 0.6 % higher than those 
of the optimal configuration. This difference is not significant, 
especially when data uncertainties are taken into account. 
However, under PV/BT (Case-4) configuration, these 
parameters are found greater than the base case (DG only). 
Under CC strategy, the NPC is about 70 % less than the base 
case, and about 68 % under PD strategy. However, under the 
LF strategy, it is about 72 % less than the base case. As the CD 
strategy performs with only one generator, it will not give any 

results. The same trend is seen as COEs under different dispatch 
strategies. Hence, it is found that the LF strategy offers the most 
optimal option among other dispatch strategies. Table 4 shows 
the optimized results for the four selected cases 
PV/WT/DG/BG/BT (Case-1), PV/DG/BT (Case-2), 
PV/BG/BT (Case-3) and PV/BT (Case 4). 
 
4.3. Effect of batteries on HRES performance 
 

When designing battery storage-based systems, it is 
important to ensure that the battery SoC remains within pre-
defined limits (Singh et al., 2016). Therefore, to evaluate the 

 
 

Fig. 7a Power output curve for the base case (DG only 

 
Fig. 7b Power output curve for the PV/WT/BG/DG/BT HRES 

 

 
Fig. 7c Power output curve for the PV/DG/BT HRES 

 
Fig. 7d Power output curve for the PV/BG/BT HRES 

 

 
 
Fig. 7e Power output curve for the PV/BT HRES 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 7. Power output curves for the four HRES configurations 
considered for the period 1st December to 7th December 
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effect of batteries on the proposed HRES performance, the three 
different batteries have been considered viz: LA, LC and Li-ion. 
The SoCs of these batteries for a typical week (1st December to 
7th December) have been shown in Fig. 8a, 8b and 8c. From Fig. 
8a, it can be seen that LA battery is discharged to nearly 36 % 
for the chosen week, whereas, the LC battery discharged down 
to 38 % in that week. However, the Li-ion battery is discharged 
to a much deeper extent, with only about 10% of its charge 
remaining. This indicates a depth of discharge (DoD) of 
approximately 90%, which is significantly higher than the DoD 
observed for the LA (36%) and LC (38%) batteries during the 
chosen week. While the DoD limits for these batteries are 
provided by the manufacturers, the observed behavior in this 
study demonstrates that Li-ion batteries can operate closer to 
their maximum DoD under the given conditions. This higher 
usable capacity allows Li-ion batteries to supply power for a 
longer period, reducing the frequency of recharging cycles. 
Additionally, the superior energy density and efficiency of Li-
ion batteries mean that fewer batteries are required to meet the 
same energy demand, which directly contributes to a reduction 
in the present net cost (NPC) of the system. These advantages 
make Li-ion batteries a more cost-effective and reliable option 
for the hybrid renewable energy system (HRES) under study.  

From Figs. 8a, 8b and 8c, it is evident that the depth of 
discharge (DoD) varies across the three battery types. For the 
selected week (1st–7th December), the Lead-Acid (LA) battery 
is discharged down to approximately 36% State of Charge (SoC) 
corresponding to a DoD of about 64%. Similarly, the Lead-
Carbon (LC) battery is discharged to around 38% SoC (DoD 
~62%). 

In contrast, the Li-ion battery is discharged much deeper, 
exhibiting a DoD of approximately 90% (maintaining a 
minimum SoC of only ~10%). 

This significantly higher DoD observed for Li-ion batteries 
enables greater usable capacity per cycle, allowing them to 
meet higher energy demands with fewer units. Additionally, 
their superior energy density, efficiency, and longer lifespan 
contribute to reduced system size and frequency of 
replacement. These factors collectively result in a lower Net 
Present Cost (NPC) and make Li-ion batteries a more cost-
effective and reliable choice for the hybrid renewable energy 
system (HRES) evaluated in this study. 

Fig. 9 shows the SoC of the Li-ion battery in a year, in a 
month and in a day. From Fig. 9a, it is observed that from 
December to March, the batteries are discharging up to 10 %. 
The reason for this is the low clearness index (reduced solar 
radiation) during rainy season and higher load demand 
primarily from lighting. The slow charging rate during this 
period further exacerbates the discharge. From April to August, 
it is seen that the batteries are discharging to around 30 %, 
reflecting a higher clearness index and lower load demand 
during the cool dry season. However, during Summer season 
from September to November, the batteries discharge again to 
10 %. This is due to the higher usage of fans that leads to high 
load demand despite the higher clearness index. Fig. 9b 
provides a clearer view of the battery discharge pattern during 
the rainy season, particularly in December. Fig. 9c highlights the 
daily behaviour. During the night, the load demand relies 
heavily on the batteries, causing discharge to around 20 %. Soon 
after solar radiation picks-up, the majority of the load demand 
is met by PV panels, and the batteries begin charging, reaching 
the maximum state of charge (SoCMax). 

From Fig. 6, it is found that by using LC batteries, the NPC 
and COEs are the highest as compared to the values obtained 
using other two battery types. However, using the Li-ion 
battery, the NPC and COEs are found to be the most cost 

 
 

 

 
Fig. 8b SoC of LC battery in a week 

 
 

 
Fig. 8c: SoC of Li-ion battery in a week 

 

 

 
 
 
 
 
 
 
Fig. 8. Weekly State of Charge (SoC) of the three battery types 
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effective. In addition, it is observed that from the four different 
configurations, Case-1 offers the least costs when using the LA 
and LC batteries, whereas Case-2 offers the least costs when 
using the Li-ion battery. When the NPCs are compared to the 

base case, it is found that there is a reduction in NPC of about 
33 % and 34 %with LA and LC batteries respectively. However, 
by using Li-ion battery, it is observed that there is a huge 
reduction in NPC of about 72 % from the base case. The 

 
Fig 9a: Yearly SoC of the Li-ion battery 

 

 
Fig 9b: Monthly SoC of the Li-ion battery 
 

 

 
Fig 9c: Daily SoC of the Li-ion battery 

 

 

 
 
 
 
 
 
 

Fig. 9. State of Charge (SoC) of the Li-ion battery over different time 
periods  

  

 

Table 4 
Optimization results of 445W based HRES under different strategies and batteries 

Dispatch Strategy Load Following (LF) 

Battery Type Lead Acid Lead Carbon Li-ion 
Case No 1 2 3 4 1 2 3 4 1 2 3 4 

PV (kW) 365 552 2,732 3,055 510 504 1,443 1,092 1.021 1,017 2,449 2,478 
Wind (Nos.) 1    3 -  - 3 - - - 

DG (kW) 350 350   350 350   350 350 350 - 
BG (kW) 16.8 - 16.8 - 16.8  16.8  16.8  16.8  

Battery (Nos.) 178 178 2,436 2,766 116 136 1,690 2,450 438 439 530 534 

Converter (kW) 344 344 344 344 344 344 344 344 344 344 344 344 

Dispatch Strategy Cycle Charging (CC) 

Battery Type Lead Acid Lead Carbon Li-ion 

Case No 1 2 3 4 1 2 3 4 1 2 3 4 
PV (kW) 566 547 2,488 3,055 485 585 769 1,092 1,847 1,326 2,449 2,478 

Wind (Nos.) 1 - - - 5 - 2 - 1 - 1 - 
DG (kW) 350 350 350  350 350 - 350 350 350  350 

BG (kW) 16.8  16.8  16.8  16.8  16.8  16.8  
Battery (Nos.) 130 164 2,448 2,766 118 124 2,452 2,450 444 445 530 534 

Converter (kW) 344 344 344 344 344 344 344 344 344 344 344 344 
Dispatch Strategy Predictive Dispatch (PD) 

Battery Type Lead Acid Li-ion Lead Acid 
Case No 1 2 3 4 1 2 3 4 1 2 3 4 

PV (kW) - 790 2,448 3,105 - 494 790 1,092 - 700 1,938 2,484 
Wind (Nos.) - - - - - - - - - - - - 

DG (kW) - 350 - - - 350  - - 350  - 
BG (kW) - - 16.8  -  16.8  -  16.8  

Battery (Nos.) - 140 2,460 2,760 - 346 2,410 2,450 - 207 481 534 
Converter (kW) - 344 344 344 - 344 344 344 - 344 344 344 

*The PD Strategy does not yield any results for Case 1; The CD Strategy yields no results 
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performance of LA, LC and Li-ion batteries for the four cases 
under the LF strategy is presented in Table 4. It is observed that 
using Li-ion batteries results in a greater lifetime throughput 
compared to the other two battery types. The losses from the 
Li-ion battery type are also observed to be, on average, lower 
than the LA and LC types of batteries, especially for Cases 3 and 
4, where the system is more dependent on the battery. 
 
4.4. Impact of dispatch strategies on pollutant emissions 
 

As shown in Table 5, in the base case, where only the 
diesel generator (DG) provides the load demand, the annual 
CO2 emissions are estimated to be 793,467 kg/year, including 
significant emissions of other pollutants: 5,002 kg/year of CO, 
218 kg/year of UHC, 30.3 kg/year of PM, 1,943 kg/year of SO2, 
and 4,698 kg/year of NOx. These pollutants contribute to air 
pollution, health issues, and environmental degradation. 

However, when the proposed HRES supplies the load, 
emissions are drastically reduced across all pollutants. For 
instance, under the Load Following (LF) strategy in Case 3, CO2 
emissions are reduced to 0.0778 kg/year, representing a 99.9 % 
reduction compared to the base case. Similarly, other pollutants 
are reduced to close to zero levels, i.e., 0.000864 kg/year of CO, 
0 kg/year of UHC, 0 kg/year of PM, 0 kg/year of SO2, and 
0.000540 kg/year of NOx. This reveals the environmental 
superiority of the HRES over the DG-only system. 

The quantity of emissions depends heavily on the dispatch 
strategy employed. For instance, under the Predictive Dispatch 
(PD) strategy in Case 2, CO2 emissions are 375,330 kg/year, 
significantly higher than those under the LF strategy but still 
represent a 52.7 % reduction compared to the base case. Other 
pollutants under the PD strategy in Case 2 are also reduced but 
remain higher than in the LF strategy: 2,366 kg/year of CO, 103 
kg/year of UHC, 14.3 kg/year of PM, 919 kg/year of SO2, and 
2,222 kg/year of NOx. This highlights the tradeoff between 
dispatch strategies, with the LF strategy achieving the lowest 
emissions. Among the dispatch strategies, the LF strategy in 
Case 3 emerges as the most effective in reducing emissions, 
achieving nearly 100% reduction for most pollutants. 
Comparing this to the PD strategy in Case 2, there is a 47.2% 
difference in emissions reduction, further emphasizing the 
environmental benefits of the LF strategy. Given that the 
optimization of net present cost (NPC) and cost of energy (COE) 

is the primary objective of this study, the LF strategy is 
recommended for the HRES. It not only aligns with the 
economic goals but also ensures minimal environmental impact 
by reducing pollutant emissions to almost negligible levels. This 
makes it a more sustainable and environmentally friendly choice 
compared to the PD strategy. 

 
4.5. Trade-off Analysis between Economic and Environmental 
Performance 

The normalized scores for cost (NPC) and CO₂ emissions 
were combined using the three weighting schemes specified in 
the methodology: cost-centric (70% cost, 30% emissions), 
balanced (50% cost, 50% emissions), and environment-centric 
(30% cost, 70% emissions). Table 6 reports the weighted scores 
and rankings. The configuration with the highest weighted score 
under a given scheme is considered the preferred option for that 
priority setting. 

Under the cost-centric scheme (0.7/0.3), Case 1 
(PV/WT/DG/BG/BT) attains the highest score (0.724), 
narrowly outperforming Case 2 (0.700). Although Case 2 has the 
lowest NPC, the small cost advantage over Case 1 is offset by 
Case 1’s substantially lower emissions; with a 30% weight on 
emissions, this difference is decisive. With balanced weights 
(0.5/0.5), Case 1 again ranks first (0.549), followed by Case 3 
(0.515). Cases 2 and 4 tie (0.500). The result reflects Case 1’s 
combination of very low cost and materially better emissions 
than Case 2. Under the environment-centric scheme (0.3/0.7), 
Case 3 (PV/BG/BT) ranks first (0.709), closely followed by Case 
4 (PV/BT) (0.700), both achieving near-zero emissions; Case 3’s 
slightly better cost yields the edge. Case 1 is third and Case 2 
fourth because of their higher emissions. 

Overall, the preferred configuration shifts with stakeholder 
priorities: a cost-leaning or balanced focus favors the diversified 
PV/WT/DG/BG/BT (Case 1), whereas an emissions-dominant 
focus favors PV/BG/BT (Case 3). 
 
4.6. Sensitivity Analysis 

 
A sensitivity analysis was conducted by varying the discount 
rate, PV cost, battery cost, and fuel cost, and studying the effect 
upon NPC, COE, and load demand under Zambian conditions. 
The economic and cost data for this case were collected from 

Table 5  
Details of pollutant emissions under different strategies 

  Dispatch Strategies 
 Base Case Load Following (LF) Cycle Charging (CC) Predictive Dispatch (PD) 

Emissions 
(kg/yr) 

DG Only Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 2 Case 3 

CO2 793,467 21,182 23,882 0.0778 9,047 2,460 0.205 375,330 2.38 
CO 5,002 134 151 0.000864 57 155 0.00228 2,366 0.0264 
UHC 218 5.83 6.57 0 2.49 6.77 0 103 0 
PM 30.3 0.809 0.912 0 0.346 0.941 0 14.3 0 
SO2 1,943 51.9 58.5 0 22.2 60.3 0 919 0 
NOx 4,698 125 141 0.000540 53.6 146 0.00142 2,222 0.0165 

 

 
Table 6 
Weighted scores and rankings for each HRES configuration 

Case Config NPC 
(USD 

M) 

CO₂ 
(kg/yr) 

Norm. 
Cost 

Norm. 
CO₂ 

Cost-
Centric 

(0.7/0.3) 

Balanced 
(0.5/0.5) 

Env.-
Centric 

(0.3/0.7) 

Rank 
C-C 

Rank 
Bal 

Rank 
Env 

1 PV/WT/DG/BG/BT 3.91 21,182 0.985 0.113 0.724 0.549 0.375 1 1 3 
2 PV/DG/BT 3.89 23,882 1.000 0.000 0.700 0.500 0.300 2 3 4 
3 PV/BG/BT 5.22 0.078 0.029 1.000 0.320 0.515 0.709 3 2 1 
4 PV/BT 5.26 0.000 0.000 1.000 0.300 0.500 0.700 4 3 2 
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local suppliers. To validate the results, a further analysis was 
conducted using economic and cost data for the African region, 
obtained from IEP (2024) and IRENA-RPGC (2025). For this 
case, due to the vast range in the data sets, the median of the 
respective ranges was considered to study the variations. In 
both cases, the economic and cost data were varied by ±20%.  
 
4.6.1. Effect of Change in Input Economic Parameters on NPC 

The input parameters—discount rate, PV cost, battery cost, and 
fuel cost—were varied by ±20%, and their effects on the Net 
Present Cost (NPC) and Cost of energy (COE) are illustrated in 
Fig. 10 for Zambian and African regions respectively. The 
results show that the NPC varies approximately in direct 
proportion to the input changes. Among the parameters tested, 
fuel cost has the least effect, resulting in only a ±0.81–1.81% 
change in NPC for Zambian conditions and ±0.81-2.07% for 
regional conditions.  and. A ±20% change in PV cost leads to a 
relatively larger but still low impact, with a ±2.25–5.07% change 
in NPC for Zambian conditions and ±2.32 and 4.97% for 
regional conditions. Meanwhile, battery cost has the greatest 
influence among the parameters, with a ±5.48–11.78% variation 
in NPC for Zambian conditions and ±5.36 % and 11.32% for 
regional conditions. 

The relatively low sensitivity of NPC to fuel cost can be 
attributed to the operational characteristics of the Load-
Following (LF) dispatch strategy. In this strategy, the diesel 
generator is primarily used when renewable sources are 
insufficient, and renewable energy is prioritized for charging 
batteries. As a result, fuel consumption is relatively low, and so 
is the system's sensitivity to fuel price variations. 

The significant impact of battery cost on NPC highlights 
the crucial role of battery technology advancements and 
economies of scale in improving the economic feasibility of 
HRES. Although the sensitivity analysis indicates that 
reductions in battery costs can lower the NPC, the extent to 
which this shift would make the entire system substantially 
more economically feasible would require further detailed 
analysis beyond the scope of the current study. Nevertheless, it 
suggests that battery cost reductions are a promising area for 
future improvement. 

Conversely, the relatively lower sensitivity to PV cost 
indicates that while solar panels are important, their 
contribution is limited by the inherent intermittency of solar 
energy availability, which necessitates greater reliance on 
storage and backup systems. Thus, reductions in PV cost alone 
may not significantly lower the overall NPC unless 
complemented by improvements in energy storage or system 
design that better address intermittency. 

The sensitivity analyses in Fig. 10a and Fig. 10b show that 
the NPC varies inversely with the discount rate, with a ±6.47% 
change in NPC for a ±20% variation in discount rate for 
Zambian conditions and 6.72% for regional conditions 
respectively. While this trend aligns with general financial 
principles, that lower discount rates reduce investment costs, 
the magnitude of sensitivity observed here is relatively modest. 
This suggests that although favorable financing conditions can 
support renewable energy projects, other factors such as battery 
and PV costs (which exhibited greater sensitivity) may play a 
more dominant role in influencing the overall system 
economics. 

Similar trends for variation in these parameters with NPC 
are found by Ramesh and Saini (2021) and Dhavala et al. (2021), 
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although in varied magnitudes. These differences in magnitude 
highlight those specific parameters such as the efficiency and 
cost of the selected components (e.g., PV panels, batteries) and 
the site-specific resource availability (e.g., solar irradiance, wind 
speed), have a direct and substantial influence on the economic 
outcomes. For example, a location with higher solar isolation 
can reduce the required PV array size, thereby lowering capital 
costs, while the selection of more efficient but costlier batteries 
can shift the NPC depending on local energy storage needs and 
dispatch strategies.  
 
4.6.2. Effect of Change in Input Economic Parameters on COE 
 

Figs. 10c and 10d show the variation of PV cost, battery cost, 
fuel cost, and discount rate with the Cost of Energy (COE). It is 
seen that the COE varies in direct proportion to the changes in 
all these parameters. Among these parameters, the discount 
rate exhibits the most significant influence on COE of between 
±8.08% and 16.03% for Zambian conditions and ±7.68 and 
15.15% for regional conditions, as evidenced by its steeper 
slope. This highlights that financing-related variables, 
particularly the discount rate, can strongly impact on the 
affordability of energy in off-grid systems. 

The pronounced sensitivity of COE to battery cost and 
discount rate, in both cases, emphasizes the importance of 
adopting cost-effective energy storage solutions and favorable 
financing mechanisms. These factors play a vital role in 
reducing the levelized cost of electricity for rural users and 
making hybrid renewable energy systems more viable, 
especially in underserved regions. 
 
4.6.3. Effect of Change in Load Demand 
 

To assess the impact of variations in load demand on NPC 
and RF, the load demand is varied by ±20 %. The proposed 
HRES is designed to efficiently manage these fluctuations while 
ensuring a reliable power supply. Fig. 11 illustrates how NPC 
and RF respond to changes in load demand under Zambian and 
regional conditions, respectively. As observed in Fig. 11a and 
Fig. 11b, for both cases, when the load is decreased by 10 % and 
20 %, the NPC decreases almost proportionately. This is 
because a lower load demand reduces the energy required from 
the system, leading to lower operational costs and reduced 
reliance on backup sources, including the DG and batteries. 
However, when the load is increased by 10 % and 20 %, the 
NPC increases at a faster rate, approximately one and a half 
times the rate as indicated by the steeper slope. This 
disproportionate rise in cost is due to the HRES's reliance on 
batteries and the DG to meet the higher load demand under the 

Load Following (LF) strategy. The variation in NPC ranges from 
±9.55 to 28.44% relative to the reference value for Zambian 
conditions and ±9.57% to 25.32% for regional conditions, 
highlighting the sensitivity of system costs to load fluctuations. 

On the other hand, the RF, which represents the 
proportion of energy supplied by renewable sources, remains 
relatively stable when the load is reduced by 10 % and 20 %. 
This is because the HRES can meet the lower demand primarily 
using renewable energy sources (PV and wind) without 
significantly increasing the use of non-renewable backup 
systems. However, when the load is increased by 10 % and 20 
%, the RF decreases. This decline occurs because the 
intermittent nature of solar PV power limits its ability to meet 
the higher demand. As a result, the additional load is primarily 
met by DG and batteries, which are non-renewable or storage-
based sources. This shift reduces the overall renewable fraction 
of the system. 
 
5. Conclusions 
 

This study examined the techno-economic and 
environmental performance of multiple hybrid renewable 
energy system (HRES) configurations by varying PV panel 
capacities, battery technologies, and dispatch strategies. The 
findings demonstrate that replacing a diesel-only (DG) system 
with photovoltaic (PV)/wind-turbine (WT)/diesel-generator 
(DG)/biogas-generator (BG)/battery (BT), PV/DG/BT, 
PV/BG/BT and PV/BT as  hybrid options can significantly 
contribute towards reducing both energy costs and pollutant 
emissions while considering appropriate technologies and 
ratings of the componentsts used, reinforcing the value of 
renewables for rural electrification. 

Among the different configurations analyzed, the 
PV/DG/BT system consistently emerged as the most cost-
effective solution, striking a practical balance between reliability 
and affordability. When broader economic and environmental 
considerations were integrated, the PV/WT/DG/BG/BT 
system offered a more balanced option, while systems with 
biomass integration proved particularly beneficial in reducing 
emissions. Larger-capacity PV modules (445 W) and advanced 
Li-ion batteries were found to deliver superior performance 
across all configurations, highlighting the importance of 
component selection in optimizing both cost and efficiency. 

The sensitivity analysis further revealed that while all 
parameters influence system performance, battery cost and 
discount rate have the most significant impact on the overall 
economics of hybrid systems. This underlines the need for 
region-specific cost data and financing strategies to ensure 
realistic planning and deployment. Overall, the study confirms 
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that carefully designed hybrid systems, supported by 
appropriate component choices and dispatch strategies, can 
provide reliable, affordable, and sustainable electricity for rural 
communities. 
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Supplementary data 
Table A1 
Hourly load demand for the summer season 
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Rating 
(kW) 

0.009 0.080 0.035 0.090 0.010 0.015 0.080 0.009 0.080 0.035 0.150 0.010 0.015 0.360 0.080 2.200 12.50 0.750 

Qty 1926 535 535 214 1498 535 214 65 2 49 7 90 45 2 2 2 1 24 

0:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    
1:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    

2:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    

3:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    

4:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    
5:00  32.10   -     40.13   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    

6:00  -     -     36.11   25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    
7:00  -     -     -     25.68   -     -     -     -     -     -     1.40   -     -     -     -     -     -     -    

8:00  -     -     -     25.68   -     8.03   -     -     -     -     1.40   -     -     -     -     -     -     -    
9:00  -     -     -     25.68   -     8.03   -     -     -     -     1.40   -     -     -     -     -     -     -    

10:00  -     -     -     25.68   -     8.03   -     -     -     -     1.40   -     0.68   -     0.16   -     -     -    

11:00  -     -     -     25.68  14.98   8.03   -     -     -     3.38   1.40   0.90   0.68   -     0.16   -     -     -    

12:00  -     -     40.13   25.68  14.98   8.03   -     -     -     3.38   1.40   0.90   0.68   -     -     -     -     -    
13:00  -     -     40.13   25.68  14.98   8.03   -     -     -     3.38   1.40   0.90   0.68   -     -     -     -     -    

14:00  -     -     40.13   25.68   -     8.03   -     -     -     3.38   1.40   -     0.68   -     -     -    12.50   -    
15:00  -     -     40.13   25.68   -     8.03   -     -     -     3.38   1.40   -     0.68   -     -     -    12.50  18.00  

16:00  -     -     40.13   25.68   -     8.03   -     -     -     3.38   1.40   -     0.68   -     -     -     -     -    
17:00  -     -     40.13   25.68   -     8.03   -     -     -     -     1.40   -     0.68   -     -     -     -     -    

18:00  -     -     40.13   25.68   -     8.03  17.12   -     -     -     1.40   -     0.68   -     -     -     -     -    

19:00 115.56   -     40.13   25.68   -     8.03  17.12   3.90   0.30   3.00   1.40   -     0.68   0.68   -     -     -     -    

20:00 115.56  80.25   40.13   25.68   -     -     -     1.20   0.30   3.00   1.40   -     -     0.68   -     4.40   -     -    
21:00  32.10  80.25   40.13   25.68   -     -     -     1.20   0.30   3.00   1.40   -     -     0.72   -     4.40   -     -    

22:00  32.10   -     40.13   25.68   -     -     -     1.20   0.30   3.00   1.40   -     -     0.72   -     -     -     -    
23:00  32.10   -     40.13   25.68   -     -     -     1.20   0.30   3.00   1.40   -     -     0.68   -     -     -     -    
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Table A1 Continued 

 

*The shaded line represents the peak load hour for the summer season         
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Total  
Daily 

Hourly  
Load 

Rating 
(kW) 

0.009 0.080 0.750 0.150 0.010 0.015 0.800 2.200 0.000 0.000 0.000 1.200  0.750 0.030  

Qty 238 8 24 14 65 9 2 7 0 0 0 1 32 5 30  

0:00  1.84   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  114.55 

1:00  1.84   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  114.55 
2:00  1.84   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  114.55 

3:00  1.84   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  114.55 
4:00  1.84   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  114.55 

5:00  0.48   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  113.19 
6:00  -     -     0.96   2.80   -     0.05   -     4.40   2.00   -     -     -     -     -     -    73.39 

7:00  -     -     0.96   2.80   -     0.05   -     6.60   2.04   -     -     -     -     -     -    39.52 

8:00  -     -     0.96   2.80   -     0.11   1.60   4.40   6.00   -     2.00   -     -     -     -    52.97 

9:00  -     -     0.96   2.80   -     0.08   -     -     6.32   -     0.25   -     -     -     -    45.51 
10:00  -     -     1.56   2.80   -     0.14   -     -     7.32   1.58   0.87   1.20   -     2.25   -    53.65 

11:00  -     -     1.56   2.80   0.65   0.08   -     -     9.72   1.58   0.87   1.20   -     -     -    73.65 
12:00  -     0.75   1.56   2.80   0.65   0.08   -    15.40   6.52   -     -     -     -     -     -    122.91 

13:00  -     0.75   1.56   2.80   0.65   0.08   -     -     2.04   -     -     -     -     -     -    103.03 
14:00  -     -     1.56   2.80   -     0.08   -     4.40  11.20   -     0.25   -     -     -     -    112.06 

15:00  -     -     1.56   2.80   -     0.08   -     -    13.04   -     0.25   -     -     2.25   -    129.75 

16:00  -     -     1.56   2.80   -     0.08   1.60   -     8.32   -     0.25   -     -     0.75   -    94.63 

17:00  -     -     1.56   2.80   -     0.08   -     -     2.00   -     -     -     -     -     -    82.34 
18:00  2.70   -     3.96   2.80   -     0.05   -     -     -     -     -     -     -     -     -    102.53 

19:00 20.46   0.60   3.96   2.80   -     0.05   -    11.00   1.00   1.82   -     -     -     -     9.00  267.15 
20:00 20.46   0.60   3.96   2.80   -     0.05   -     -     1.00   1.58   0.60   -     -     -     9.00  312.64 

21:00 17.76   0.30   3.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  223.64 
22:00 17.76   0.30   0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  135.99 

23:00  3.34   -     0.96   2.80   -     0.05   -     -     -     -     0.60   -     -     -     9.00  121.23 
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