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A B S T R A C T   

We developed a techno-economic model to simulate the performance of residential solar-battery systems as a 
means of reducing the reliance on backup generators in grid connected households in Lagos, Nigeria. We 
compared the economic and environmental performance of solar-battery systems to the technology options in 
households that may currently rely on backup generators to supplement unreliable grid service. Our analysis 
shows that solar-battery systems are economically profitable for households who rely on their backup generators 
to ensure at least 8-h of reliable service daily. We also show that the solar-battery systems could offer a cost- 
effective alternative for households intending to increase the level of the electricity services they receive 
without greater demand from backup generators. Finally, installing the solar-battery system lowers annual air 
emissions from households by 15 %–87 %. The paper proposes that policymakers provide access to low interest 
loans to improve the economic attractiveness of solar-battery systems across all the reliability preference levels.   

1. Introduction 

The benefits of reliable electricity supply remain elusive for the 
majority of Nigerian households as a result of unreliable and poor 
quality grid service (Amadi, 2015; Oseni and Pollitt, 2015). While the 
peak demand in Nigeria is estimated to be 24 GW, the installed capacity 
in Nigeria is 10.5 GW and the available on-grid capacity hovers around 
5 GW daily (Farquharson et al., 2018a). In response, Nigerian homes and 
businesses rely on fossil-fuel based backup generators (Akin and O., 
2017; “Diesel Power Gener.,” 2014; Oluseyi et al., 2016). Some esti
mates put Nigeria’s backup generator capacity at approximately 10 GW, 
which is almost equivalent to the installed grid capacity (Farquharson 
et al., 2018a; IFC, 2019). Annual electricity generated from backup 
generators is estimated to be 7–20 Terawatt-hours of electricity annually 
(Farquharson et al., 2018a; IFC, 2019), which is between 20 and 60 % of 
total on-grid electricity generation in 2015. Generator ownership among 
Nigerian households is estimated to be 11 million in 2018 (A2EI, 2019). 
Nigeria imported 3 million generators in 2016, and ranked amongst the 
top importers of electricity generators in Africa (IFC, 2019; Nwachukwu 
Clara, 2011). 

The unreliable grid service and the resulting high reliance on backup 
generators, in response, imposes socio-economic and environmental 

burdens on Nigerians. Nigerians reportedly consume 10 billion liters of 
diesel and gasoline fuel annually and spend between US$1.6 - US$17 
billion annually on backup generation (“Diesel Power Gener.,” 2014; 
Farquharson et al., 2018a; IFC, 2019; Ley et al., 2014). Despite being 
among the largest oil producers in the world, Nigeria’s refining capacity 
is low and refined diesel and gasoline used for backup generation is 
imported (Ezeoha et al., 2016; Nwachukwu and Chike, 2011). The 
Nigerian federal government spent N1.5 trillion naira (4.1 billion USD) 
on fuel subsidies in 2019 (Eboh, 2020). Gasoline subsidies accounted for 
3–5% of total government expenditures in 2018 (A2EI, 2019). Even with 
these subsidies, Nigerian households spend 15–40 % of their income on 
operating backup generators (Akin and O, 2017; Chidebell-Emordi, 
2015). Beyond economics, studies link backup generator use to negative 
health impacts such as respiratory illnesses and loss of life as a result of 
the emissions of criteria air pollutants from the generators (Ayodele and 
Ogunjuyigbe, 2015; Oseni, 2017). Similarly, backup generators are a 
source of greenhouse gases that contribute to climate change. Backup 
generators in Nigeria account for 7.2 million metric tons of CO2 emis
sions, 8.8 thousand metric tons of SOx emissions, 14 thousand metric 
tons of PM2.5 emissions, and 190 thousand metric tons of NOx emissions 
annually (Farquharson et al., 2018a). 

Alternative technologies such as residential solar PV systems have 
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been found to be economically and environmentally beneficial in 
developed countries, where households enjoy reliable grid service 
(Coria et al., 2018; Hagerman et al., 2016; La Monaca and Ryan, 2017). 
However, studies investigating the economic and environmental bene
fits of residential solar battery systems in households that experience 
unreliable service like Nigeria has been limited. Most of the existing 
studies of urban households examine the solar-battery systems as 
standalone backup options and conclude that the solar-battery systems 
can be cheaper alternative to backup generators as standalone options 
(Adaramola and Paul, 2016; Enongene et al., 2019; Okoye et al., 2016). 
These prior studies did not consider that solar-battery systems could 
work in tandem with the grid and backup generators. Furthermore, 
existing studies for grid-connected households do not quantify the ef
fects of grid outages on the economic attractiveness of the solar-battery 
systems (Adaramola and Paul, 2016; Enongene et al., 2019). 

In this paper we develop a techno-economic model to simulate the 
technical performance of residential solar-battery systems as part of a 
household’s electricity supply portfolio, which includes backup gener
ators and unreliable grid supply. Specifically, we compare the economic 
and environmental performance for three backup system set-ups. In the 
status quo set-up, households rely solely on backup generators to pro
vide power during grid outages. In the GD-PB set-up, households install 
a solar-battery systems to operate in conjunction with existing backup 
generator. Finally, in the G-PB set-up, households fully replace the 
backup generators with solar-battery systems. 

2. Methods 

We examine the economic and environmental implications of 
installing solar-battery systems in grid-connected households in Nigeria 
using a techno-economic model of multi-source household electricity 
systems. The technical analysis uses an hourly time resolution to capture 
temporal variability in household load, grid availability, backup 
generator availability, and renewable energy generation. Estimates of 
electricity and fuel consumption from the technical model serve as input 
to an economic model to estimate the total lifetime household costs and 
an emissions model to estimate the greenhouse gas emissions and 
criteria air emissions associated with meeting household electricity 
demand. 

2.1. Technical simulation model 

We relied on the Stochastic Techno-Economic Microgrid Model 
(STEMM), previously developed to simulate the techno-economic per
formance of off-grid energy systems or microgrids using a multi-source 
generation model to meet end-user load and battery charging de
mands (Williams et al., 2018). We selected STEMM because unlike other 
existing modeling tools like HOMER, the code for STEMM is openly 
available and transparent. Furthermore, our analyses required full 
control of the time of day the dispatchable sources can be used, as 
determined by the household preferences for reliable electricity services 
(discussed later). Finally, our analysis includes assumption for grid 
improvement, which to the best of our knowledge is not yet available in 
HOMER. 

We relied on STEMM’s mathematical formulations of multi- 
generator systems described by (Williams et al., 2018). For PV, we 
used equations that estimate the PV module fill factor, which assumes 
that the PV array operates at the maximum power point (MPP). The 
battery storage model simulates the performance of a battery bank using 
a modified version of the Kinetic Battery Model (KiBaM) (Manwell and 
McGowan, 1993; Williams et al., 2018), and a capacity fade model to 
estimate the lifetime of the battery and the capacity degradation (Hit
tinger et al., 2015). For this paper, we adapted STEMM in two ways to 
include a binary constraint on dispatchable sources and to include a grid 
module to account for unreliable grid supply in Nigerian households, as 
described below. 

2.1.1. Grid module 
Any analysis of grid connected systems needs to capture the unreli

able nature of the grid service from the distribution utility (Enongene 
et al., 2019). We captured this unreliable nature of grid service using a 
stochastic two-state model, as shown in Fig. 1. The stochastic assump
tion comes with its shortcomings as it conflates planned outages (i.e. 
scheduled maintenance practices) with unplanned outages that can be 
caused by mismatched grid demand and supply or infrastructure 
vandalism (Oseni, 2011). Unfortunately, households are not effectively 
informed prior to a planned outage and cannot plan for such events, 
which in turn leads them to perceive all outages, including load shed
ding events, as erratic and operate their residential energy systems 
accordingly. Our grid model assumes the binary state of the grid in a 
given hour when grid electricity can either be on (G[h] = 1) or off (G[h] 
= 0). We modeled the grid as a single generator delivering unreliable 
service using stochastic durations of grid service and grid outage based 
on similar studies in the literature (Givler and Lilienthal, 2005; Murphy 
et al., 2014). We assumed an upper limit of 10 kW for grid capacity since 
pole-mounted transformers for residential end-users are typically up to 
25 kV A, much higher than reported residential peak loads in Nigeria. 

The duration (H), in hours, in each state (on or off) is determined by 
sampling from an exponential distribution defined by a rate parameter 
(λ), which is the stochastic process used in studies that assess component 
reliability (Murphy et al., 2014). After the duration in each state has 
elapsed, the model toggles to the opposite state and the duration in that 
state is determined in a similar fashion. The toggling process continues 
until the hourly grid schedule is populated for a year. Each year, over a 
15-year horizon, the model parameters are updated to account for the 
yearly grid improvements using a grid improvement factor (ω). Each 
new year, the duration of grid service event increases by this exponential 
improvement factor (ω) and the duration of the grid outage event de
creases by an exponential decay factor ( − ω) as shown in Equations (1) 
and (2). This process is repeated until an hourly grid schedule is popu
lated over the model horizon (15 years). The inputs required to populate 
the grid schedule are the rate parameters for both exponential distri
butions in the grid ON and Grid OFF states. Where rate parameters are 
unavailable, we used the inverse of average durations of uninterrupted 
grid service (TON) and individual grid outages (TOFF) reported in the 
literature as shown in Equations (1) and (2). 

λON[y] = λON⋅eω(y) =
1

(TON)
eω(y) (1)  

λOFF[y] = λOFF⋅e− ω(y) =
1

(TOFF)
e− ω(y) (2)  

2.1.2. Dispatch with binary constraints on dispatchable sources 
Studies show that urban Nigerian households have their backup 

generators available for 6 h per day (3.1 h are available between 6PM 
and 10PM) despite receiving grid service for only 10–12 h daily (Akin 
and O, 2017; Babajide and Brito, 2021; Oseni, 2016). This behavior 
inherently suggests a preference in the hours in which the household’s 
backup generators will be available for dispatch during an outage. We 
capture this preference by including a binary constraint for the avail
ability of dispatchable sources. The binary constraint determines 
whether the household’s load in a given hour is a priority (must be met) 
or not (can go unmet). If the load at a given hour is priority (r[h] = 1), all 
dispatchable electricity sources (backup generators & battery storage) 
will be available for dispatch (with priority given to battery storage over 
backup generators). Otherwise (r[h] = 0), the dispatchable sources will 
be unavailable for dispatch, and the household’s load could go unmet if 
there are no other sources available. As a result, there are three scenarios 
in any given hour that guides our dispatch algorithm, as summarized in 
Table 1. Based on these scenarios, our dispatch algorithm uses a merit 
order dispatch that prioritizes electricity generated from the 
solar-battery systems over backup generators during outages to control 
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how electricity supply assets are used to meet the household’s electricity 
demand. A graphical representation of the dispatch flow algorithm is 
shown in Fig. 2. 

For each hour the backup generator is dispatched, we calculated the 
fuel consumption using Equation (3) 

FuelD− L[h] = (FNL ⋅ CapD)+FL⋅QD− L[h] (3)  

where the intercept FNL is the no-load fuel use. No-load fuel use is the 
fuel used when the generator is available even if it isn’t actively 
generating electricity; FL is the generator fuel slope or the marginal 
consumption in liters per kilowatt-hour (l/kWh/hour); QD− L[h] is the 
generator output at time h, and CapD is the installed capacity of the 
backup generator. 

Our model allows for multiple backup generator replacements within 
the model horizon, depending on duration of use. We assumed that the 
backup generators are already in use, starting at half their lifetime. For 
battery storage replacement, we adopted a capacity fade model to esti
mate battery lifetime and capacity degradation, similarly used in (Hit

tinger et al., 2015; Williams et al., 2018). If the capacity fade of the 
battery exceeds the maximum allowable capacity fade, the battery is 
replaced in the year it occurred i.e. ReplB[y] = 1. 

2.2. Economic model 

The economic model aggregates the hourly outputs from the tech
nical model to an annual resolution to perform an annual cash flow 
analysis. We used two economic metrics: annualized household costs of 
electricity (Naira/year) and unit cost of backup electricity (Naira/kWh). 
We used the local currency in Nigeria (Naira, N) since all the associated 
costs incurred by the household are in local currency. We assume that 
the solar-battery system is wholly bought and owned by the household 
without any debt financing or any public incentives, as is currently the 
case in Nigeria. 

2.2.1. Annualized household costs (N/year) 
We use a discounted nominal cash flow analysis to measure the 

present value of all the associated costs of household power supply, 
which we then convert from present value of the costs to a uniform 
annual cost value as summarized in Equation (4). The total present cost 
is then given by:  

where y is the year; h is the hour of each year; T is the model horizon; d is 
the annual discount rate; δSys is a dummy variable (1 when the house
hold uses a solar-battery system; zero otherwise) for initial capital cost 
of system (IniCap); QG− T is the total hourly grid electricity consumed by 

Fig. 1. Two-State Stochastic Grid Model with Exponentially Distributed holding times.  

Table 1 
Description of scenarios that guide Dispatch Algorithm.  

Grid Status G[h] Priority load status r[h] Description of Dispatch 

Grid is OFF (G[h] 
= 0) 

load IS NOT priority (r[h] = 0)  • Charge battery with solar-PV  
• Use excess solar PV to meet load if sufficient,  
• Else, load as unmet 

Grid is OFF (G[h] 
= 0) 

load IS priority (r[h] = 1)  • Check if solar-battery system can meet load  
• If yes, meet load with solar-battery system  
• If no, meet load with backup generator (if available)  
• charge battery storage with solar PV (if available) 

Grid is ON (G[h] 
= 1) 

Priority designation is irrelevant (r[h] 
can be 0 or 1)  

• Use the grid to meet the net demand (difference between electricity supplied by the solar PV and the total 
electricity demand from load and battery charge).  

• Grid demand is zero if PV is sufficient to meet total electricity demand even though it is available for consumption.  

PC=δSys ⋅IniCap+
∑T

y=1

1
(1+d)y

∑8,760

h=1

⎡

⎢
⎣

(QG− T[h,y])⋅g[y]

+

⎛

⎝
FeulD− L[h,y]⋅f+D[h,y]⋅om+ReplD[y]⋅
CapExD+δSys⋅ReplInv[y]⋅CapExInv+δSys⋅
ReplB[y]⋅CapExB

⎞

⎠⋅(1+ i)y

⎤

⎥
⎦ (4)   
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the households; g[y] is the electricity tariff for year y; FuelD− L is the 
hourly fuel consumption from running backup generators (from Equa
tion (3)); f is the cost of fuel in (N/liter); i is the inflation rate; D is a 
binary variable which indicates whether the generator is on; om is the 
cost of operations and maintenance in Naira per hour of generator 
runtime (N/Hour); ReplD is a binary variable which indicates the 
replacement year of the diesel generator; ReplInv is a binary variable that 
indicates the replacement year of the inverter; ReplB is a binary variable 
that indicates the replacement year of the battery storage; and finally 
CapExB and CapExInv are the capital costs of the battery storage and 
inverter respectively. After obtaining the total present cost, we calculate 
a uniform annual cost (UAC) using the capital recovery factor as shown 
in Equation (5): 

UAC=PC
d

1 − (1 + d)− y (5)  

2.2.2. Cost of backup electricity (N/kWh) 
Finally, we also calculate the average cost of backup electricity 

(Naira/kWh), which we computed as the total costs associated with 
providing backup power i.e. excluding the cost of grid consumption to 
meet the load. To estimate the present value of the costs of the backup 
system, PCBackup, we replaced QG-T in Equation (4) by parameter QG-B, 
which is the grid electricity consumed to charge the batteries. We then 
divided this present value of the costs by the amount of electricity 
provided by the backup system over the life of the project, as shown in 
Equation (6) 

COEBackup=
PCBackup

∑T
y=0

1
(1+d)y

∑8,760
h=1 QD− L[h,y]+δSys⋅(QPV− L[h,y]+QB− L[h,y])

(6)  

where QD− L is the electricity supplied by the backup generators; QB− L is 
the electricity supplied by the battery; and QPV− L is the electricity sup
plied by the solar PV to meet the household’s load. 

Fig. 2. Flowchart of hourly dispatch algorithm; PV is from solar PV; Batt is battery storage; Gen is backup generator; HEND is the last hour in the model horizon.  
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2.3. Emissions model 

We assess the emissions reductions of two different categories of air 
pollutants namely: criteria air pollutants and greenhouse gases. The 
supporting information shows the system boundaries we used for esti
mating the criteria air pollutants and greenhouse gases (GHG) emis
sions. For GHG, we included CO2 and methane emissions from crude oil 
production, refining, transport, and combustion, as well as emissions 
from power generation in Nigeria. Previous work suggests that solar PV 
and battery manufacturing can contribute to the life cycle GHG emis
sions of residential systems (Ren et al., 2020), so we also included GHG 
emissions from these sources. Table 2 shows the equations used to es
timate the GHG emission from the different stages, the sum of which are 
the total lifetime emissions from the systems. 

For criteria air pollutants, we include emissions from on-site diesel 
combustion and emissions from on-grid power generation. We do not 
include criteria air emissions from upstream fuel production and 
transportation, or system component manufacturing as such data are not 
widely available. Furthermore, the human health impacts of criteria air 
emissions in different locations are not additive and the most significant 
impacts come from emissions at the combustion sites (power plants or 
diesel generators). Equation (7) shows the formulation for total lifetime 
criteria air emissions when the backup generator is on, and grid elec
tricity is consumed 

PolP = ζPD ⋅
∑T

y=1

∑8,760

h=1
FD− L[h, y] + ζPG⋅

∑T

y=1

∑8,760

h=1
QG− T[h, y] (7)  

where PolP is the total emissions of pollutant p; ζPD (kg-pollutant/liter) 
and ζPG(kg-pollutant/kWh) are the emissions factors for pollutant p 
from the backup generators and the grid respectively, FuelD− L is the 
amount of diesel used by the generator (from Eq. (3)), and QG− T is grid 
electricity used. 

2.4. Model inputs 

2.4.1. Load profiles for Lagos households 
We focus our analysis on grid-connected households in the state of 

Lagos because it has a population of 20 million with the highest pro
portion of grid connected households (99 %) (Akpan, 2015). Our as
sumptions about hourly household electricity demand and grid service 
rely on measured data from Lagos reported in the End-use Metering 
Campaign for Residential Houses (ECN, 2013). This study measured and 
reported the average hourly household electricity consumption for a 
representative sample of households in Lagos when the grid was 

available, as shown in Fig. 3. According to this study, grid connected 
households in Lagos consume 7,816 kWh/year (or 21.4 kWh/day). We 
therefore assumed that this load profile also represents latent demand i. 
e. what the households would consume if they had reliable grid service 
during those hours. For hourly solar resource and ambient temperature 
data for Lagos, we rely on the publicly available HelioClim-3 v5 data
base (Lagos coordinates: 6.5oN, 3.3oW) from February 1, 2005, to 
January 31, 2006 (SoDa, 2005). These data are used to compute PV 
array and battery performance as used in (Williams et al., 2018). Table 3 
summarizes the economic assumptions used in the model. 

2.4.2. System sizes 
Our analysis focuses on using solar-battery systems to meet the 

household’s minimum reliability preferences while a) reducing backup 
generator reliance (backup generators is an option) and b) completely 
replacing backup generators (backup generators are not an option). As a 
result, we run the techno-economic analysis across multiple combina
tions of PV size and battery storage (as described in more detail in the 
SI). Table 4 summarizes the technical input values of the unit compo
nents considered in our analysis obtained from available retailers of 
solar-battery systems in Nigeria. We assumed an equator-facing array 
with latitude tilt. 

2.4.3. Grid availability and grid tariffs 
The End-use Metering Campaign for Residential Houses also 

measured the durations grid service and outage experienced by each 
household investigated (ECN, 2013). Based on these data, we assume a 
baseline grid service duration and baseline grid outage duration of 4 h, 
which correspond to a base grid availability of 50 %. We assumed an 
annual grid improvement factor (ω) of 0.1 %/year to account for the 
historically slow grid improvements in Nigeria. The Nigerian electricity 
regulators set residential tariffs in Nigeria from 2020 to 2025 (NERC, 
2020). Since our model horizon extends beyond 2025, we calculated the 
future prices using the inflation rate (10 %) in Table 5. 

2.4.4. Reliability preference levels 
Since the reliability preferences of customers in Lagos are poorly 

understood, we account for varying preferences by constructing six 
reliability preference scenarios using increasing blocks of 4 h. We 
assumed that household preferences range from 4 h/day to 24 h/day as 
summarized in Table 6. This implies that households could have be
tween 4 h and 24 h of priority load each day, whereby all dispatchable 
electricity generating sources will be available for use should an outage 
occur in those hours. We selected the priority hours by ranking the 
household load in descending order according to Fig. 3. For example, in 

Table 2 
Equations for estimating the lifetime GHG emissions from different system components.  

Component Equation Variable Definitions 

Solar PV Manufacturing 
GHGPV =

(

PV Size/PV Rate

)

× Mod Area× ξPV  
PV_size is the peak solar-PV panel output (kWp); PV_Rate is the Rating of a single 
module (kWp/module); Mod_Area is the area of a single solar module; and ξPV is the 
greenhouse emissions factor associated with manufacturing of solar (kgCO2eq/m2).  

Battery Manufacturing 
GHGBatt =

(

1 +
∑

y
ReplB[y]

)

× NoBatt × ξBatt  

NoBatt is the number of batteries used in the system; ReplB is a binary variable that 
indicates the replacement year of the batteries, summed over the model horizon;ξBatt 
is the greenhouse emissions factor associated with manufacturing of battery 
(kgCO2eq/kg)  

Inverter Manufacturing 
GHGInv =

(

1 +
∑

y
ReplInv[y]

)

× ξInv  

Replinv is a binary variable that indicates the replacement year of the inverter, 
summed over the model horizon;ξinv is the greenhouse emissions factor associated 
with manufacturing of the inverter (kgCO2eq/unit)  

Diesel (including oil production, 
refining, transport, and 
combustion) 

GHGD = ξgen × ε×
∑T

y=1

∑8,760

h=1
FuelD− L[h,y]

ξgen is the life cycle emissions factor for diesel fuel (kgCO2eq/MJ); ε is the energy 
content of diesel (MJ/liter); FuelD− L is the hourly fuel consumption from backup 
generators (from Eq. (3)) summed over the life of the project.  

Grid-based electricity 
GHGG = ζGHG− Gr ×

∑T

y=1

∑8,760

h=1
QG− T[h,y]

ζGHG− Gr is the emissions factor from the grid; QG− T is the electricity consumed from 
the grid over the life of the project   
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the level 1 preference, the household requires 4 h of reliable services 
daily. The 4 h with the highest demand are at 6PM, 8PM, 9PM and 
10PM. If a grid outage occurs at any of these times, the household’s 
dispatchable backup systems will be dispatched to meet the load. If a 
grid outage occurs outside those hours, the household’s dispatchable 
backup systems will not be available for dispatch as the system is 
reserved to meet the priority hours in the future. Therefore, the elec
trical load at non-priority hours could potentially go unmet due to 
outages. At the other end, in the level 6 preference, the household re
quires all of their electricity needs met at all hours and would use their 
backup generators during a grid outage. 

2.4.5. Emissions inputs 
The criteria air pollutants considered in our study are carbon mon

oxide (CO), fine particulate matter (PM2.5), Sulphur oxides (SOx); and 

Fig. 3. Hourly average electric load for lagos household ECN (2013).  

Table 3 
Economic model inputs.  

Parameters Value Source 

Nominal Discount Rate (%) 20 NERC (2017) 
Inflation rate (%) 10 National Bureau of 

Statistics (2018) 
Model Horizon (years) 15 Assumption 
Diesel Unit cost of Operating & 

Maintenance, om (N/kW/h) 
10.5 Givler and Lilienthal 

(2005) 
Unit cost of Diesel Generator (N/kW) 121,000 Jumia-NG (2019) 
Unit cost of Solar PV (N/kWp) 247,500 Jumia-NG (2019) 
Unit cost of Battery (N/cell) 111,000 Jumia-NG (2019) 
Unit cost of Inverter/Rectifier (N/kVA) 45,000 Jumia-NG (2019) 
Diesel Fuel Cost for Lagos (N/liter) 224 National Bureau of 

Statistics (2018)  

Table 4 
Key technical component inputs.  

Unit Component Input Description Value Source 

Solar PV module Maximum Power Point Voltage at STC (VMPP) 37.8 Jumia-NG (2019) 
Maximum PowerPoint Current at STC (IMPP) 5.31 Jumia-NG (2019) 
Open Circuit Voltage at STC (VOC) 45.3 Jumia-NG (2019) 
Short Circuit Current (at STC ISC) 6.15 Jumia-NG (2019) 
Number of Cells 120 Jumia-NG (2019) 
PV module Lifetime (years) 25 Assumption 
Solar Module Area (m2) 0.198 Jumia-NG (2019) 

Battery Capacity (AmpH) 200 Jumia-NG (2019) 
Nominal Battery Voltage (V) 12 Jumia-NG (2019) 
Number of batteries connected (in series) in a string 2 Assumption 
Estimated Round Trip Efficiency 89 % Williams et al. (2018) 
Battery Weight (kg) 45 Jumia-NG (2019) 
Maximum acceptable capacity fade 0.2 Williams et al. (2018) 

Inverter Efficiency (%) 0.95 Williams et al. (2018) 
Inverter Lifetime (years) 12 Assumption 
Bi-directional Inverter Size (kW) 2 Assumption 

Backup Generator No-load consumption parameter (FNL) 
(liters/hour)  

0.0911 Williams et al. (2018) 

Marginal consumption parameter (FL) (liters/kWh)  0.264 Williams et al. (2018) 
Generator starting lifetime (hours) 7500 Assumption 
Generator Lifetime (hours) 15,000 Williams et al. (2018) 
Generator Size (kW) 1.5 (130 % of peak load in Fig. 3) Assumption 
Energy Content (MJ/liter) 36.9 Farquharson et al. (2018a)  
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nitrogen oxides (NOx). Table 7 summarize the emissions factors for 
criteria air pollutant from diesel fuel and power generation in Nigeria. 
For greenhouse gases, we include carbon dioxide (CO2) and methane 
emission using the emissions factors reported in the literature. Table 8 

shows the GHG emissions factors for the manufacturing of the system 
components of these systems. 

2.5. Sensitivity analysis 

We perform a parametric sensitivity analysis on five key inputs in our 
analysis: 1) grid availability at the start of the simulation period; 2) grid 
price; 3) diesel fuel prices 4) discount rate; 5) capital costs of solar- 
battery systems. For each input we used the lower and upper limit 
values as summarized in Table 9. 

Table 5 
Approved and estimated residential tar
iffs for Eko Distribution Company (in 
Naira/kWh).  

Year Tariff 

2020 43.01 
2021 47.83 
2022 46.42 
2023 46.25 
2024 45.36 
2025 45.33 
2026 49.9 
2027 54.8 
2028 60.3 
2029 66.4 
2030 73 
2031 80 
2032 88 
2033 97 
2034 107  

Table 6 
Tiers of household reliability preference. Grey cells indicate the priority hours in which a household’s 
backup systems must be available to meet the household’s load. 

Table 7 
Emissions factors for diesel fuel and grid.  

Pollutant Emissions factor of diesel 
(kg/MJ) – ζD  

Emissions factor of grid 
(kg/kWh) – ζG  

Life Cycle GHG 
Emissions (CO2-e) 

2.75 a 416 × 10− 3 b 

Carbon Monoxide (CO) 4.084 × 10− 4 b 0.324 × 10− 3 b 

Particulate Matter 
(PM2.5) 

1.361 × 10− 4 b 0.007 × 10− 3 b 

Nitrogen Oxide (NOX) 1.896 × 10− 3 b 0.802 × 10− 3 b 

Sulphur Oxide (SOX) 8.598 × 10− 5 b 2 × 10− 6 b  

a Venkatesh et al. (2011). 
b (Farquharson et al., 2018b). 
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3. Results 

We run our analysis for multiple combinations of solar-PV module 
sizes and battery storage quantities across six reliability preference 
levels. Due to the computational demands of performing an hourly 
analysis of multiple size combinations over a model horizon of 15 years, 
we report our analysis using one single run of the grid schedule simu
lation. The short durations of the grid-on and grid-off cycles compared to 
the model horizon of 15 years (131,400 h), lead to a large number of 
samples that, by the law of large numbers, statistically converges to
wards the source distribution. We confirmed that random grid schedules 
do not vary significantly by generating 1,000 sample schedules and 
assessing the distributions of their statistical properties (further details 
can be found in the supporting information). 

We present the combination of solar-PV (in kW) and battery quantity 
that yielded the lowest present value of the total costs from Equation (4) 
because we are analyzing the private benefits of solar-battery systems 
and assume a rational decision-maker will optimize for the lowest cost 
option while meeting their minimum reliability requirement. Table 10 
shows the combination of solar PV sizes and number of battery units for 
the base grid availability of 50 %. For full technical, economic and 
emissions results of the other size combinations see the supporting 
information. 

3.1. Technical results 

Fig. 4 shows the average annual electricity consumption from all 
electricity sources for the three system set-ups considered: 1) the status 
quo option - Grid and Backup Generators (GD), 2) Grid, Backup 
Generator, and Solar-battery system (GD-PB) and 3) Grid and Solar- 
battery system (G-PB) under a base grid availability parameter of 50 
%. For households installing the solar-battery systems to supplement 
(but not replace) their backup generators (GD-PB), our results show that 
the solar battery system would provide an average of 665 kWh/year in 
Tier 1 (4 h/day) and rise to 4,512 kWh/year in Tier 6 (24 h/day). The 
contributions from the solar battery systems influence the contributions 
from the household electricity supply in two ways. First, it lowers con
tributions from backup generators between 73 % and 87 % depending 
on the household’s reliability preferences. This change translates to a 
fuel savings of 211–1,360 L per year. Second, due to the additional de
mands for battery charging, grid consumption increases by 11%–23 %. 
For households who completely replace their backup generators with 
solar-battery systems (G-PB), our results show that installing the solar 
battery system would provide an average of 1,128 kWh/year in Tier 1 (4 
h/day) and rises to 5,116 kWh/year in Tier 6 (24 h/day). Similarly, due 
to the additional demands for battery charging, grid consumption in
creases by 7 %–19 %. 

3.2. Economic results 

Fig. 5 and Fig. 6 illustrate the economic implications of adding the 
solar-battery systems in terms of annual household electricity costs and 
unit cost of backup electricity respectively. As previously discussed, 
adding the solar-battery systems could significantly lower or eliminate 
the electricity supply from backup generators while increasing demand 
from the grid (when available) for battery charging. For households who 
keep their backup generators, installing the solar-battery systems saves 
the household between N100 K/year (Level 1) – N699 K/year (Level 6) 
in fuel costs as Fig. 5 illustrates. Grid expenses rise by N27 K/year (Level 
1) to N46 K/year (Level 6). Overall, the solar battery systems save N73 
K/year (Level 1) – N653 K/year (Level 6) in operational expenses (grid 
and backup generator). Despite these savings in operation costs, Fig. 5 
shows that the solar-battery system is not an economically viable in
vestment across all reliability preference levels when the capital costs of 
the systems are considered. For households who only demand 4 h (Level 
1) of reliable service daily, the savings from reduced diesel consumption 
are not enough to justify the investment in the solar-battery systems, 
while for households with 8 h or greater demand for reliable services, 
installing the solar-battery systems is economically justifiable. Fig. 6 
shows the unit costs of backup electricity is higher with the solar-battery 
systems in Level 1. It is worth noting that the marginal costs of providing 
electricity with the solar-battery system decreases for the higher reli
ability preference levels as the utilization rate of the solar-battery sys
tems increases. Furthermore, higher utilization rates for assets that are 
similarly sized reduces use of the generator (which also leads to a higher 
reduction in fuel costs). 

Our results show that fully replacing the backup generators with the 
solar-battery system is the most expensive choice in all reliability pref
erence levels except for households with preferences for full reliability 
(24 h/day). Even though this system set-up would eliminate all backup 
generator expenditures, the upfront capital expense is much higher 
compared to the solar-battery technology option where the backup 
generator remains operational. Completely replacing the backup 
generator would require larger PV systems and more batteries than the 
set-ups in which the existing backup generator supplements the solar- 
battery system during the more extreme outages, as shown in 
Table 10. It is worth noting that adding a solar-battery system to the 
backup generator could be a more cost-effective option to increase the 
number of hours with reliable power. For example, a household that 
spends N661k/year to use only a backup generators to ensure 12 h of 

Table 8 
Emissions factors for battery and solar PV system components. These emissions 
factors come from (Ren et al., 2020).  

Component Unit Lifecycle Emissions factor 

Solar kgCO2-eq/m2 202 
Battery Storage kgCO2-eq/kg 7.52 
Inverters kgCO2-eq/unit 243  

Table 9 
Lower and upper bound inputs considered for the sensitivity analysis.  

Parameters Base 
Value 

Lower Bound Upper Bound 

Starting Grid Availability (%) 50 10a 90 
Discount Rate (%) 20 10 25 
% Change in grid price for Eko 

Distribution Company (N/kWh) 
42 − 25 % of 

Base Value 
+25 % of 
Base Value 

Diesel Prices in Lagos (N/liter) 224 − 25 % of 
Base Value 

+25 % of 
Base Value 

Up-front cost Solar PV (N/kWp) 247,500 − 25 % of 
Base Value 

+25 % of 
Base Value 

Up-front cost of Battery System (N/ 
unit) 

110,000 − 25 % of 
Base Value 

+25 % of 
Base Value  

a We did not carry out the sensitivity analysis for the lower bound grid 
availability for the solar-battery systems without backup generators due to the 
large sizing requirement that would make the systems uneconomical. 

Table 10 
Selected PV and battery size used for comparison with the status quo.  

Reliability 
Preferences Tiers 
(hours/day) 

GD-PB (Grid, Backup 
Generators, Solar-Battery 
Systems) 

G-PB (Grid, Solar-Battery 
Systems) 

PV 
(kW) 

Batt 
(#) 

Inv 
(kVA) 

PV 
(kW) 

Batt 
(#) 

Inv 
(kVA) 

4 0.2 2 2 0.6 4 2 
8 1 4 2 0.6 8 3 
12 1.6 4 2 2 10 3 
16 2 4 2 2 14 3 
20 2.4 4 2 2 16 3 
24 2.4 4 2 3 18 3  
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electricity daily could ensure 20 h of electricity daily adding solar- 
battery systems at a lower annual cost of N634 K/year. Figs. 5 and 6 
show household could meet all their electricity demand using the GD-PB 
system at a lower cost than a household using backup-generators alone 
to ensure 16 h of reliable electricity daily. These results suggest that 
adding solar-battery systems to complement the existing diesel genera
tors could allow households to have more reliable power at lower cost 
than they are paying for fewer hours of backup with the generators. 

While this paper focuses on an analysis for households that already 
have a backup generator, the results in Fig. 5 can easily be extended to 
households that do not currently have backup systems. A new diesel 
backup generator sold in Nigeria costs N181K (1.5kVA) (Jumia-NG, 
2019). Purchasing these generators would thus add roughly N60K to the 
average annual costs reported in Fig. 5 for the GD setup. Household 
without an existing backup generator and low reliability preferences 
would thus have similar or only slightly higher annualized costs if they 
install a relatively small solar-battery system instead of a backup 
generator. For households without existing backup generators wishing 
to install a system to meet high reliability needs (16 h or more), the 
solar-battery system would be more economic than simply installing a 
backup generator. However, installing a new backup generator in 
conjunction with a solar battery system would likely remain the 
cheapest option for households with higher reliability preferences, even 
after accounting for the costs of buying the new generator. Further costs 
reductions in PV panels and batteries are still needed to justify the in
vestments in the larger systems that would be needed to meet the reli
ability needs without some support from backup generators. 

3.3. Emissions results 

Fig. 7 and Fig. 8 show the emissions results from each of the system 
set-up options considered across all the reliability preference levels 
described in Table 6. Unsurprisingly, our results show that backup 
generators are the major source of criteria air emissions and greenhouse 
gas emissions. The solar-battery system with the backup generator op
tion (GD-PB) reduces lifetime criteria air emissions by 15 %–87 % and 
greenhouse emissions by 12 %–51 % compared to the GD system. Over 
the model horizon, installing the solar-battery system reduces between 
48 and 307 kg of CO, 16–102 kg of PM2.5, 10–65 kg of SOx, 221–1400 kg 
of NOx, and 8000–53,000 kg CO2eq. The solar-battery systems without 
backup generator option (G-PB) lowers lifetime criteria air emissions by 
up to 99 % and greenhouse emissions by 85 %–96 % compared to the GD 
system. Over the model horizon, the solar-battery system without the 
backup generators reduces between 66 and 356 kg of CO, 22–119 kg of 
PM2.5, 13–74 kg of SOx, 307–1651 kg of NOx, and 11,360–61,520 kg 
CO2eq. The G-PB set-up has lower lifetime air emissions than the GD-PB 
set-up, but it is also more expensive. An analysis of the social costs 
associated with such emissions is out of the scope of this paper given the 
unavailability of air quality models for Lagos and the uncertainty about 
the social cost of carbon that is appropriate for policy analysis in 
developing countries. Future work to estimate such social costs could 
improve the cost-benefit analysis for behind-the-meter energy systems 
in Nigeria. 

Fig. 4. Average annual electricity consumption from all electricity sources across all reliability preference levels.  
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3.4. Sensitivity analysis 

We perform a parametric sensitivity analysis on five key inputs in our 
analysis: 1) grid availability at the beginning of the simulation period; 2) 
grid price; 3) diesel fuel prices 4) discount rate; 5) capital costs of the 
solar-battery systems. We vary each of these inputs separately and report 
varying outcomes in a tornado plot to study the effects of these inputs 
across each of the household reliability preference levels. Fig. 9 and 
Fig. 10 show the results of the net changes in savings because of the 
changes to the parametric inputs. Note that savings are defined as the 
difference in annualized costs between the backup system and the PV- 
Battery systems, and net changes in savings are the difference in sav
ings using the updated parameter and the savings generated using the 
input’s base values. A move to the right indicates that this change in 

input resulted in greater savings . The reverse is the case with a move to 
the left. These results show that across all reliability levels, our economic 
and emissions results are most sensitive to the grid availability param
eter. The supporting information shows similar sensitivity figures for the 
emissions results. The avoided emissions associated with installing the 
solar-battery systems are most sensitive to the grid availability 
parameter. 

3.4.1. Effects grid availability 
Figs. 9 and 10 highlight the effects of grid availability on the eco

nomic attractiveness of solar battery systems with and without backup 
generators respectively. Lower grid availability results in more frequent 
outages, and, in households with only backup generators, this implies 
greater dispatch and increased household costs to meet the same level of 

Fig. 5. Annualized household costs across all reliability preference levels.  
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Fig. 6. Average cost of backup electricity across all reliability preference levels. Dashed red line shows the average grid tariff for the utility (Eko Distribu
tion Company). 

Fig. 7. Lifetime Emissions for Criteria Air Pollutants across all reliability preference levels.  
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electricity demand. Households with higher backup generator expenses 
are attractive targets for solar-battery systems since they can store 
cheaper sources of electricity (solar and grid, when available) for future 
consumption, further lowering the need for backup generators. 

On the other hand, high grid availability results in less frequent 
outages, therefore lowering the need for backup generators. Not sur
prisingly, our sensitivity analysis indicates that households with high 
grid availability are not attractive for solar-battery systems with or 
without backup generators available. With high grid availability, the 
battery systems would be discharged less frequently, and the electricity 
generated from the solar panels will be used to lower grid demand 
during the afternoon. Unfortunately, our results show that lowering grid 
consumption is not as valuable as lowering backup generator reliance 
since the grid is comparatively cheaper source of electricity than diesel 
fuel. It is worth noting that the approved electricity tariffs in Nigeria are 
not cost-reflective (NERC, 2020). 

3.4.2. Effects of economic parameters 
Figs. 9 and 10 show that the economic attractiveness of the solar- 

battery systems is most sensitive to discount rates. Discount rates indi
cate how future costs are discounted relative to the present costs. Lower 
discount rates compare future costs favorably to present costs and thus 
favor technology like solar-battery systems, which have higher capital 
costs and lower operational costs. Lower discount rates make the solar- 
battery systems with backup generators more attractive by increasing 
the savings. For solar-battery systems without backup generators (G- 
PB), the lower discount rates result in savings (compared to the status 
quo set-up - GD) making the systems more attractive across all the 
reliability preference levels. By providing access to lower cost loans for 
households, our sensitivity analysis shows that solar-battery systems 

become attractive across all reliability preferences (Babajide and Brito, 
2021). Access to lower cost loans could make larger systems more 
economically attractive, which in turn leads to additional emissions 
reductions. 

Fuel prices affect the costs of fueling, which we found to be a sig
nificant cost component, particularly in households with higher reliance 
on backup generators. Lower fuel prices reduce the cost of fueling, 
which in turn reduces the savings potential of the solar-battery systems, 
while higher fuel prices increase the overall costs of fueling and increase 
the value of the saved fueling expenses when using solar-battery sys
tems. Similarly, grid prices influence the cost of grid consumption and 
with solar-battery systems, affect the additional costs of battery 
charging. Since grid tariffs are cheaper than fuel, the effects of higher 
grid prices is not as influential to our results. Since diesel and gasoline 
are subsidized in Nigeria, these results suggest that reducing such sub
sidies could serve as a mechanism to incentivize the deployment of 
residential solar-battery systems. 

Finally, our sensitivity analysis shows, predictably, that lower capital 
costs improve the attractiveness of the solar-battery system, and could 
make the economically viable for households with lower demands for 
reliable services. Lower upfront costs of the systems make larger systems 
more attractive in higher demand households thereby further reducing 
fuel consumption and the resultant emissions. 

4. Conclusions 

We find that installing solar-battery systems reduces the reliance on 
backup generators in Lagos’s households with poor grid reliability. In 
turn, the addition of the solar-batter systems reduces fuel consumption, 
which is expensive and polluting when burnt. However, the savings 

Fig. 8. Lifetime emissions for greenhouse gases across all reliability preference levels.  
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generated from lower fuel consumption do not translate to lower overall 
electricity costs for all household as these savings depend on the reli
ability preferences. For households that require at least 8 h/day of 
electricity services, installing the solar-battery systems could save them 
between 5 % and 32 % and could supply longer duration of electricity 
services more cost effectively than backup generators. However, for 
households with lower requirements for reliable service (4 h/day), we 
find that the solar-battery systems increase costs and thus become 
economically unfavorable. For all households, keeping the backup 
generator to supplement the solar-battery system is still more econom
ical than installing larger solar-battery systems needed to meet demand 
during the extreme outage events. 

Installing the solar-battery systems in households could also have 
broader social implications that could interest policymakers. First, 

lowering the aggregate household diesel consumption for electricity 
generation could reduce importation costs since Nigeria imports the 
majority of the diesel consumed (Nigeria National Bureau of Statistics, 
2020). Second, installing the solar-battery systems lowers air emissions 
that contribute to air pollution and climate change. Finally, 
behind-the-meter solar-battery systems could be operated to provide 
power back to the grid, thus contributing to increase capacity of the 
overall power system. Installing these systems may be less 
time-consuming that building new centralized power plants (and could 
potentially be lower cost). Indeed, behind-the-meter residential PV 
systems are a growing source of electricity in places like California and 
Germany, highlighting that they can be incorporated as part of the op
erations of the central grid (Meza, 2021; Mordor Intelligence LLP, 2020). 
These benefits suggest some justification for interventions like lowering 

Fig. 9. Economic sensitivitiy analysis results for solar-battery with backup generators (GD-PB). The x-axis shows the difference in the annual cost of the GD-PB 
system compared to the GD system. 
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the upfront cost of the solar-battery systems in the form of grants and 
subsidies as carried out in other countries (Hagerman et al., 2016; 
Tantisattayakul and Kanchanapiya, 2017), or providing access to low 
interest loans (Tantisattayakul and Kanchanapiya, 2017). Reducing 
diesel subsidies could also incentivize the deployment of solar-battery 
systems. Our sensitivity analysis also shows that providing financial 
support for the solar-battery systems could make larger sized systems 
more economically attractive, which would further lower reliance or 
even eliminate the need for backup generators and lead to lower fuel 
consumption and household emissions. Integrating these 
behind-the-meter resources into the operations of the central grid would 
require robust interconnection standard and net-metering policies. 

Our analysis is not without limitations. First, we relied on average 
load profiles data for Lagos and were therefore unable to capture the 
heterogenous characteristics in terms of varying household load and 
building type. We were also unable to account for potential temporal 
correlations between high demand periods on grid outages, as data 
about such temporal correlation is not publicly available in Nigeria. 
Furthermore, we did not factor the dynamic response of household 
electricity demand to outages (where households peak demand may be 
higher after an outage) or account for annual growth in demand for 
electricity, as such information is not available. Additionally, we had to 
rely on parametric assumptions about reliability needs to account for the 
fact that consumers may not use the backup systems every time there is a 

Fig. 10. Economic Sensitivitiy Analysis Results for solar-battery without backup generators (G-PB). The x-axis shows the difference in the annual cost of the G-PB 
system compared to the GD system. For this system set-up, we only tested the sensitivity of the results to the starting grid availability parameter of 90 %. The size of 
the PV-Battery system in the case in which the starting value of the grid availability parameter is 10 % would be prohibitively large. Households with very low grid 
reliability are better served by using a backup generator in conjunction with a moderately sized PV-Battery system. 
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grid outage. Our analysis did not investigate the effects of additional 
grid demand from the wide adoption of solar-battery systems, which 
could further stress a constrained grid, making it more unreliable 
(Murphy et al., 2014). Finally, we did not quantify the human health 
impacts and associated social costs associated with air emissions that 
contribute to air pollution and climate change. Analyzing such social 
costs requires air quality, exposure, and mortality models that are 
currently unavailable for Nigeria. A deeper understanding about the 
implications of poor air quality on Lagos residents may strengthen the 
case for policies that support the deployment of solar-battery systems to 
provide backup power for households. These limitations 
not-withstanding, our analysis suggests that there are likely private and 
social benefits associated with the deployment of distributed “behind-
the-meter” solar-battery systems to provide backup power for house
holds in Nigeria. 
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