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1. Executive Summary

The project aims to support the renewable national electrification goals of Liberia through presenting
a cost-effective technical and economic model for Decentralized Generation using standalone
PhotoVoltaic (PV) diesel hybrid systems. The project closely follows and complements the aims and
objectives of the Renewable Energy Strategy and Master Plan and policy guidelines outlined by the
Rural Renewable Energy Agency (RREA) in achieving its stated renewable targets by 2030. The report
is also intended to serve as a guideline for national planners, private investors, and other lender
organizations to adopt for bringing modern and renewable energy services to rural towns and villages
in Liberia that are not expected to be connected to the national grid in the long term. The study finds
that localized DG projects with PV and batteries are guaranteed to get quick returns on investment
with a payback period of just under 6 years provided there is some support for incentive schemes such
as Clean Energy generation credits at $0.12/kWh for 10 years or providing subsidies on project capital
at $15,000 per system. Further, it is found that PV systems make more economic sense especially in
the long-term as compared to solely-diesel systems that require less up-front costs but is costly in the
long run due to fuel dependencies. In short, the project analysis of current rural electrification
requirements in Liberia suggests that support for RE projects will bring about a positive and
meaningful change in the livelihoods of Liberians.

1

PEN624 Renewable Energy Dissertation

Bharath Satheesh Nair

2. Introduction

2.1. Geographical and Economic Background

Figure 1 – County map of Liberia [1]

Figure 2 – Geographical position of Liberia [2]

Liberia is a low-income nation with a population of roughly 4.4 million [3]. The country is situated in
the North-Western part of the African continent bordering Sierra Leone, Guinea and Ivory Coast. The
country is further divided into 15 counties (as seen in figure 1), with the capital city Monrovia (in
Montserrado county) housing around 28% of the country’s population [4]. The remaining 72% of
population resides in close to 14,000 sparsely populated rural settlements spread across other
counties [4]. These settlements have no access to the electricity grid and poverty is a widespread issue
with a reported 76% of the populace living under $1 a day [5].
Liberia being the victim of one of the most tragic wars in recent African history - a 15-year civil war
left the country in a state of impoverishment and infrastructural ruin. Following the war, Liberia had
the second worst GDP based on power purchase parity and one of the lowest Human Development
Indexes (HDI) in the world [4]. The war destroyed a large portion of Liberia’s electricity infrastructure,
2
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which caused electrification rates to plummet almost entirely from more than 7% before the war to
less than 1% today [4,5]. Initial revival impetus came through government policy initiatives and
through private electrification models using diesel based off-grid systems in rural areas. However,
setting up these initiatives have been a challenge in the wake of expensive fuel tariffs and poor
transport infrastructure. The situation was further exacerbated with the outbreak of Ebola in 2014,
this retarded any efforts to economic development as the epidemic further increased food prices and
decreased foreign direct investment causing a major economic slowdown [3].
The country has shown great resilience since the war with marked progress in recovery. The
introduction of various Government. policies to foster peace and development in Liberia with schemes
such as the PRS (Poverty Reduction Strategy) were the first steps towards rebuilding the nation and
resuscitating its economy. Energy access and renewable energies were regarded as the main pillars
underpinning economic upliftment and growth within the nation [6]. The RREA (Rural Renewable
Electrification Agency) formed in 2010 set out to re-enforce and implement these ideas responding to
the Government. initiative to electrify populations inhabiting within the country’s rural area with
Renewable Energy Strategy and Master Plan [3,5]. The Master plan set out a roadmap for investors
and project contractors to renewable electrification pathways for electrifying the country until 2030,
with the objective to identify least cost options for rural energy development [5].
Following the plans and objectives for future energy access and economic growth as identified by the
Renewable Energy Strategy and Master Plan guidelines(RESMP), this dissertation sets out to establish
a cost-effective technical and economic model for stand-alone PV-Diesel hybrid systems to attract
interest from both private sectors and the Government of Liberia (GoL). Upon its review, the goal is
to substantiate and justify the uptake of renewable resources (PV) as the prime go to energy resource
for rural electrification to replace existing modes of electrification through diesel systems.

3
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2.2. Scope
The scope of the project includes all data collection activities and methodologies performed for design
and development of the supply system. This includes development and analysis of community load
profiles, estimating size and design of individual components for the Hybrid mini-grid supply system
and finally performing the techno-economic analysis on the resulting data.
Scenario development is referenced using some baseline field information from collection and review
efforts made from external sources and organizations. The baseline information includes all necessary
information to develop the scenario for which the system is implemented, such as information on
community socio-economic characteristics, commercial activities, energy usage and so on.
Considering the nature of the research and the wide scope of issues that it embodies, it requires that
all the prerequisites of enabling a transparent and robust strategy, such as supporting legal,
administrative and regulatory frameworks are discussed. While it is very important that such factors
be incorporated into the development of the final proposed model, only the conditions relating to the
technical and economic fronts are discussed in detail. It is assumed that all other matters concerning
policy and bureaucracy are in favorable support to establishing the techno-economic model.

4
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2.3. Dissertation Overview
The first part of the dissertation, the literature review, builds on the energy access situation in Liberia,
bringing into context Liberia’s energy related issues, both past and present. This section stresses on
the importance of the need to provide reliable and secure energy supply services in rural areas using
standalone PV systems. This is substantiated by demonstrating how modern energy services provided
by the standalone PV systems can uplift the current situation and bring about an economic
transformation. Each aspect of current energy use and trends is brought into focus, followed by the
reviewing each section and proposing suitable alternatives.
The second part of the report discusses the methodology which explains all the desk-work procedures
and methods undertaken to perform the project analysis to obtain the results. All assumptions and
limitations are clearly stated in the forming of each methodology step. The first step is on developing
the rural energy supply system with suitable data to establish the site parameters and load profile.
This is used to form the technical and financial design of the supply system. The possible institutional
setups are discussed with regards to the system design.
In the next section, results of technical simulation are discussed followed by a detailed analysis on
individual component sizes and associated costs. Financial information from the modelling is used to
form economically feasible options for the system. Remittance setup discusses the tariff rate setups
applicable as per consumer affordability. Finally, sensitive analysis is performed on some of the
preconceived sensitive parameters, stating its effects on the project.
The last section covers some of the limitations in the undertaken effort, and some possible future
considerations for the project.

5
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3. Literature review

3.1. The Energy Situation in Liberia
Liberia has one of the lowest electricity access rates in the world with a population less than 2%
with access to the grid [7]. Figure 3 shows the current electricity profile of Liberia. Table 1 shows
that Liberia has one of the lowest equipped electricity infrastructure services per capita with
87kWh, smaller than other conflict affected countries. To compare, other countries in the SubSaharan region have 4 times more capacity per capita. The capital city Monrovia has less than 7%
of its population connected to the grid despite being the largest economic centre [7]. With a
generation capacity estimated at 23MW, a majority comes from fossil fuel generation, mainly
diesel and heavy oil, and around 4MW from hydro [9]. In rural areas where there is currently no
grid access, less than 1% are connected to small off-grid facilities. Electricity is exclusively supplied
by Independent Power Producers (IPP’s) using self-operated diesel generators with tariffs more
expensive than that charged by the Liberia Electricity Corporation (LEC).

Figure 3 - Liberia Electricity Profile [7]
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Table 1 – Comparison of infrastructural services in Sub-Saharan Africa [8]

Infrastructure
Services
Electricity (kWh
per capita)
Water (% of
population with
access to
improved
sources)

Liberia

Sub- Saharan Africa
Conflictaffected
Non-Conflictcountries affected countries

South
Africa

High Income
Countries

87

96

384

3793

8421

25

52

67

86

96

The following sections provide an insight into the root cause of the situation, with possible solutions
to overcome them with appropriate cost-effective measures.

3.1.1. A Historical Context
The Civil War Impact
Liberia struggled through having one of the lowest rates of electrification in the world following a
harrowing 14-year civil war that only recently concluded in 2003 [4]. The war damaged a large part of
the country’s electricity infrastructure including its largest power source – the Mt coffee hydropower
plant and an extensive portion of its transmission and distribution network. Figure 4 illustrates the
impact of the civil war on Liberia’s generation levels. Post war figures indicate that generation capacity
suffered drastically with levels dipping entirely from 191MW to under 10MW, with less than 1%
capacity. Approximately 98% of this generation capacity centered solely around serving Monrovia
primarily with diesel and heavy oil [8]. In rural areas, grid access was non-existent. The civil war’s
aftermath left Liberia to undergo massive reconstruction efforts to rekindle its economy and
infrastructure.

7
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Figure 4 – Civil war impact on electricity generation levels [8]

High LEC Tariffs
Following the war, Liberia also contended with having one of the highest electricity tariffs globally [4].
With production costs reported at $0.50/kWh, customers were charged tariffs as high as $0.57/kWh,
averaging around $0.43/kWh [5]. The high tariff imposed on LEC customers is a result of various factors
ranging from the conceived political instability in the region to poor logistic channels for
transportation of fuel. With no petroleum resources of their own, Liberia overtly rely on neighboring
Ivory Coast for fuel shipments. Owing to this dependency and uncertainty, fuel supply into Liberia is
often scarce and more expensive than other sub-Saharan countries [8]. Other factors including poor
port maintenance and a tightening market for oil products in neighboring countries also add to the
tough fuel situation. The tight market for oil products in countries such as Nigeria usually soak up all
imports into the African region, effectively causing no amount of surplus fuel supply to Liberia.

8
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Infrastructural Issues
The bulk infrastructure for oil products shipments into Liberia located on an oil jetty on Bushrod Island
in Monrovia suffered from a major lack of maintenance during the conflict years. The ports have
deteriorated to the extent that they pose a serious risk to the countries fuel supply in terms of safety
and port maintenance standards. Beside the oil jetty, there are limited options for receiving any
product especially in significant volumes. Oil supplies are mainly obtained through the Liberia
Petroleum Refining Company (LPRC) from traders based out of the Gulf of Guinea, Abidjan (Ivory
Coast) and a refinery in Cameroon on a CIF basis. Due to the issues in infrastructure the total
differential CIF is reported at almost $60 to $70 per tonne, an unusually high amount even for small
volumes of about 3-7 tonnes. High risk premiums up to 2% rates are hence charged on FOB price,
marine freight and cargo insurance for goods on course to Liberia which are usually as low as 0.15%
on a normal supply basis to other countries [8].
Section Conclusion
The apparent high tariffs and lacking energy services impose serious social and economic impediments
for growth and development of the nation. The situation in rural areas is worse with grid extension
outside the capital being a costly option, given the low population densities and a marked absence in
economies of scale in rural areas to justify any substantial economic returns.
Therefore, this section strongly marks the need for Liberia to produce energy locally and remotely
where the grid option is too expensive. The external dependence of fuel is a major concern due to
uncontrollable factors such as supply limitations and the difficulty in reviving logistic channels through
to Monrovia. Therefore, a supply system powered using indigenous renewable resources is a necessity
to revive Liberia’s electricity situation in bringing the country back on course to pre-war generation
levels, and reduce tariffs by effectively halting fuel import
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3.1.2. Energy resource use and demand in rural Liberia
It is estimated that over 95% of the country’s population rely on charcoal, firewood and palm oil to
fulfil basic energy needs such as lighting and cooking [6]. For firewood alone, it is estimated that
around 960,000 trees around Monrovia must be cut every year to keep up with the country’s demand
for its predominant fuel [8]. This represents a major environmental and health concern for the
country. Other energy sources such as petroleum are predominantly limited to economic and
transportation purposes.
Typical energy sources in the household sector are found to consist of kerosene, LPG, and some
battery-operated devices. [6]. In way of costs, it is found that people spend much more than
traditional LEC tariffs. Kerosene, for instance costs $1.53/kWh, gensets cost $3.96/kWh, and car
batteries $8.43/kWh [8]. Electricity in households is found to be limited to powering common electric
devices such as mobile phones, radios and TV’s sets. A very few number of workplaces are found to
possess computers or other small electric appliances [10].
Energy Consumption Sectors
When considering the energy demand pattern for a community, it is useful to segregate the sectors
that exist within a community as each sector exhibits different consumption patterns and energy
needs. The sectors are divided into the following –
Private Households
A study conducted by the World Bank in Liberia, reports that households in poorly connected areas in
Monrovia spend around $11 per month on energy for electricity substitutes such as kerosene lamps,
batteries etc., for basic lighting and electrification services [3]. Outside Monrovia, households are
reported to spend $12/month for the equivalent of 6kWh of electricity for the same usage and with
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similar sources. This entails that rural customers must pay up to 4 times more than what customers
pay in the city (On average, it is estimated that an average person in a rural household will consume
about 50 – 100 kWh/year as illustrated in Table 2[11,12]).
Table 2 – Energy Consumption categorized based on income [12]

Classes
Consumption
[kWh/month]
Share of 1000
residential customers
Actual Average
Consumption,
kWh/year

Poor

Low Income

Med Income

Upper Income

High Income

<100

100-300

300-600

600-1200

>1200

260

350

206

130

54

600

2280

5172

9768

25188

PRIORITY BASED DEMAND PATTERN
III

IV

V

70

2
2
1

25

32
5
8

0
0
0
1
1

3
10
15
20
1

21

12
1

5

33
11
3

16

7
1
0

23

96

180

II

123

147

180

I

Figure 5 - Demand Pattern based on priority of appliance use [5]

A clearer picture of household consumption in rural areas can be deduced from an EU funded end
user survey conducted in 2012 shown above in figure 5. A sample of 354 households were chosen
around to reflect various patterns of consumer behaviour toward electricity usage (These figures are
assumed to represent the usual trends of the Liberian populace.)
The figures above show that electricity usage priority is mainly for illumination with an uncontested
priority among 180 households followed by powering of TV sets and radios. Electricity demand for
cooking is non-existent and is justified by the high use of charcoal for cooking purposes. Cross checking
11
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with quartile spending per household for energy also points this out to be a true indicator of the
extensive and systematic use of charcoal for cooking. An estimated 26% of monthly spending is
reported to be on charcoal acquisition alone [5].
With lighting established as the main priority for electricity usage in Liberian households, it is
important to view how this demand is currently being met by the rural populations and how much
energy is expended for this purpose.
Table 3 - Lighting usage in rural areas by source [3]

Source
Electric Bulbs
DC Battery Lamps
Kerosene Lamp
Palm Oil Lamp
Candles
Other Electric
Other Battery

No of
Households
45
974
148
108
137
73
710

% of HH
2.90%
63.50%
9.60%
7.00%
8.90%
4.80%
46.30%

Average
Average Average
Spent($)/ Average Spent
kWh/mon kWh/mont Average
Month per month ($) - % Average
th Users h Sample
Cost($)/kWh Users
Sample
WTP/kWh
10.28
0.3
1.39
14.23
0.42
3.50%
4.26
3.24
1.6
6.83
4.86
40.80%
0.3
0.03
18
5.37
0.65
5.50%
0.1
0.01
20.67
2.11
0.25
2.10%
0.07
0.01
137.21
9.33
0.83
7%
36.76
1.75
1.58
57.93
2.76
23.20%
0.35
0.16
10.43
3.62
2.13
17.90%
5.5
11.9
2.2

Table 3 shows a World Bank survey for energy consumption and expenditure for lighting in rural areas
[3].
The table shows that DC batteries constitute a large part of household consumption for lighting
purposes (63.5%), very few households can be seen to have access to electricity for powering electric
bulbs (2.9%). At the same time, electric bulb consumers are observed to pay much less $/kWh than
any other consumer category. Electric bulbs also allow for more energy usage (10.28kWh as compared
to 4.26kWh/ month for DC battery lamps) as it costs lesser $/kWh to use. Ultimately this table proves
that providing electricity services will reduce the cost on consumers that already pay a substantial
amount on inferior sources such as battery cells and kerosene lamps for lighting and provide the added
advantage of a low polluting alternatives (RE) and longer periods of usage.
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Based on data produced by rural planning representatives from the LEC, RREA, Ministry of Lands,
Mines and Energy (MLME) and Liberia Institute of Geo Information and Statistics (LISGIS), the average
rural estimate for medium-large household’s energy consumption is approximately 380kWh/year per
household or ~ 30kWh/month [12].
The consumption pattern for the average rural household is provided in Figure 6 in the form of a piechart.

Rural Demand Pattern in Wh/day
source
4, 0%

100, 10%
Lighting

375, 36%

Radio/TV
Phone charger

560, 54%

Other

Figure 6 - Rural energy demand patterns by appliance [12]

Private Businesses
Reported energy consumption for private businesses in rural areas are mostly from self-owned diesel
generators. Per the world bank survey, energy consumption from business customers in areas not
connected to the grid is around 144kWh/month [3]. Most industries such as mining, rubber, palm oil
and logging are seen to pursue self-generation by diesel generators due to instability of electricity
generation despite presence of a utility. Most hotels, companies and other institutions rely on selfowned high-speed diesel generation of a scale up to ten-fold times greater than existing LEC capacities
[13]. Utilization of energy for agriculture is much lower and is rarely used with manual labor being
prominent in this regard. Main use of electricity for economic activities is seen to occur mainly at
nights. This includes the usage of lights after night time for business activities.
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Public Institutions
Electricity use in public institutions such as schools, dispensaries and health care units as estimated by
USAID is found to consume energy in the range 1000-1500kWh/year [14]. The average demand in this
sector is estimated at 3148kWh/month in more populated urban areas.

Section Conclusion
The need for reliable decentralized generation in rural areas and provision for electricity services is
made quite evident from this section. It is seen that customers already have a base demand mainly
for lighting and is currently met by expensive or polluting sources such as kerosene and DC batteries.
Customers using electricity are seen to have an added advantage of longevity and cheaper services
over the same that do not. This represents an opportunity to address these gaps through providing
cheap and reliable electricity services. The same is true even for business customers as they are seen
to mainly rely on self-owned diesel gensets despite a utility presence. A PV-hybrid off-grid system
constitutes a highly modular solution with the ability to scale form a few kW to MW ranges of system
capacity. Further advantages include customized and affordable solutions contributing towards
reducing fuel costs and pollution.

14
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3.1.3. Review of rural electrification using Diesel Generators
Use of informal Diesel Generators in Households
Apart from Monrovia and other cross-border cities, there exists no generation capacity beyond
privately owned diesel based services provided by Independent Power Producers. Small businesses
and households who have no access to grid electricity are limited to unreliable and expensive services
from informal diesel generators. Diesel generator operators in rural areas are reported to currently
supply less than 1% of the population with an estimated capacity at 15MW [15]. Estimated cost of
generation using diesel in urban areas through LEC distribution is reported at an average of
$0.32/kWh, however, costs in rural areas are much higher due to unreliable and costly transportation
networks. Average IPP billings are at $1.2/kWh in rural areas [5]. LEC and IPP data both suggest that
households pay a high monthly amount in the region of $50/month for a 1 Ampere connection [12].
With an average consumption of 30kWh/month, this represents a tariff -rates at $1.5/kWh. This is a
staggering amount to pay especially given the poor regions that they operate in and the questionable
quality of service. The chief reasons are attributed to fuel cost dependency (diesel), size of the system
and issues in operational logistics.
The total share of fossil fuel consumption is shown to be almost 90% in all combined sectors as shown

ELECTRICITY CONSUMPTION PER
RESOURCE IN 2008

FOSSIL FUEL

SOLAR

RESOURCE

Figure 7 - Electricity consumption per energy resource in 2008 [8]
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Commercial Use of Diesel Generators
The current use of diesel generators in rural areas are dominated by large commercial and institutional
sectors. A number of governmental organizations and businesses have been able to receive diesel
gensets through aid programs in collaboration with USAID, UNDO and other NGO’s. Large businesses
such as agricultural processing plants and commercial entities are reported to have their own
generators due to unreliable utility services [3].
Environmental Significance
Diesel based generation is arguably the most problematic when it comes to environmental
consequences. The main problems being noise and air pollution produced during the night time.
Gensets release particulate matter and exhaust gases that are linked with respiratory diseases and
high mortality rates in affected populations. Global warming is another matter with the increase in
GHG emissions. Furthermore, potential leaks from storage tanks and resulting contamination of land
and waterways are disastrous. This may include potential resettlement of communities living near
diesel plants and loss of access to land.

Section Conclusions
To address the needs of both small businesses and households, it is important that an off-grid hybrid
system be established that is favourably diesel-free, cost-effective and reliable. This would mean to
let off or reduce the dependence on diesel fuel as it alone forms a major component of the current
bad cost and reliability situation. With adequate resource and proper demand estimates, a
solar/diesel hybrid system with diesel used only as a backup source is poised to achieve better results
than a sole-diesel system in terms of addressing supply reliability, affordability and environmental
concerns.
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3.1.4. National electrification initiatives
As to overcome the dire energy situation in the country, concerted efforts from both the Government
and private sectors were made to restore electrification to pre-war levels in Monrovia and its environs.
With the installation of a 22.6MW diesel power plant in July 2010, the LEC (Liberia Electricity
Corporation) managed to increase its customer base for household electrification from 2,500
customers to 20,000 by the end of 2015 [4]. By the end of 2016, the rehabilitated 88MW Hydro power
plant at Mt Coffee started operations with the capacity to serve a wider audience in and around rural
populations in Monrovia [16]. A 48MW heavy oil generation plant in Bushrod island is also being
commissioned to start operations by end of 2017, to bring greater energy access to the capital
frontiers [17]. The GoL is also undergoing negotiations for a 25-year power purchase agreement plan
with Buchanan Renewable Energies to construct a 35MW biomass plant [6]. The project is set to
source rubber wood chips as the primary fuel. These efforts are primed to significantly increase
Liberia’s generation capacity.
Mt Coffee Rehabilitation Program
The newly rehabilitated hydro power plant is poised to replace emergency diesel engines to provide
a more reliable and cost-effective means of energy generation. The project aims to enable
interconnection of surrounding systems in Ivory Coast, Guinea and Sierra Leone to increase the
national welfare and economic status among others. The project promises to bring forth economic
benefits with the foregone fuel costs in diesel generation and greenhouse gas emissions. With ensuing
fuel independence, Liberia is effectively shielded from global oil price fluctuations and reduces the
tariff customers must pay for electricity. Possible long-term shifts to 100% hydro-based electrification
is
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Cross-Border Projects
Some electrification project initiatives outside the capital have been with towns lying in the northern
and eastern corridor regions surrounding Ivory Coast, Sierra Leone and Guinea. The West African
Power Pool (WAPP) project commissioned in 2013 enables a low-voltage cross-border electrification
service with Ivory Coast and some eastern counties such as Nimba, Grand Gedeh and Maryland. The
WAPP CLSG interconnection enables access through four power stations in cities Yekepa, Buchanan,
Monrovia and Mano [13]. The project reportedly serves around 130,000 people belonging to these
regions [5].
A total generation capacity of 136MW is expected to come online by end of 2017 from on grid
initiatives and 5.12 MW from off-grid projects as shown in Figures 8 and 9 [17].

On-Grid Projects by Source (MW)
Cross Border PPA
22%

Heavy Oil
28%

Capacity -

Hydro
50%
Heavy Oil

Hydro

Total

Cross Border PPA

136 MW

Figure 8 - On Grid Project initiatives by generation source [17]

Off- Grid Renewable Projects

Off-Grid Projects by Renewable Resource (MW)
Solar
0%

Biomass
2%

Total
Capacity Hydro
98%
Solar

Biomass

Figure 9 – Off- grid renewable project initiatives by source [17]
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Renewable generation is mainly from a 4MW hydro power plant that was commissioned before the
war. The plant was used to exclusively power a remote rubber plantation. Other project initiatives
include an off-grid 96kW biomass plant and a recent 24kW solar microgrid implemented in Lofa
county by Sunlabob Renewable Energy Ltd. Being the first solar project of its kind, it can be a useful
example for other project takers interested in off-grid solar projects.

Remaining Challenges
Despite the mentioned efforts, Liberia has still to surmount various challenges to witness a successful
transition from post- conflict recovery to a state of long term development. The published plans
emphasize on the development of industrial and urban sectors but still raises the question of domestic
coverage outside of these areas. Inequality is a big issue as infrastructural capabilities and
reconstruction efforts are being limited to just Monrovia and cross border cities. A major segment of
the population (an estimated 53%) live outside these areas in small towns and villages. These
households mainly consisting of farmers or petty traders have little to no income due to the lack of
basic infrastructural services like transport or electricity to develop any income generating activities.
Hence electricity services are an urgent requirement to improve the lives of the rural communities
and support a national economic transformation. Moreover, some fossil based pathways as being the
current planned approach to achieve electrification around the capital are also shown to create
environmental issues and large external debt. Hence, it is necessary to both fulfil the requirements of
the planned electrification targets to include the rural population and more importantly to satisfy this
necessity with renewable and sustainable resources.
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3.1.5. Rural electrification initiatives
Aid Projects by Iinternational Organizations
There have been numerous efforts from external organizations supporting the cause of enlightening
rural Liberia with renewable resources. Donor support, primarily from USAID, and AfDB have enabled
the GoL to develop policy around electrifying rural towns and villages. In 2009, the GoL with USAID
formed the NEP (National Energy Policy) to uplift Liberia from its energy crisis. A new body, the RREA
was formed, endowed with the duty of rural electrification as part of the policy program. RREA has
been mandated to provide the law, policies and legal framework to develop renewable projects and
expanding electricity services to the areas outside of Monrovia [18]. World Bank has further helped
with the rehabilitation and expansion of a 60kW hydro power plant in Lofa County and dissemination
of solar lanterns with private sector support in rural areas, USAID has supported with developing a
Micro-Hydro and biomass powered plant [18,19].

Solar Initiatives
LLL – Lighting Lives Liberia was a solar initiative conducted by the USAID with support from the World
Bank which involved the dissemination of Solar Lanterns to replace usage of kerosene lamps in rural
areas. Established using a revolving fund from retail partners, the LLL initiative was started in order to
create a larger, sustainable and commercial market for solar products in 2012. To date, over 20,000
products are reported to have been sold. The market sales slowed down however due to the ebola
outbreak which also made it difficult to recover payments for the revolving funds. Hence the program
was halted due to an apparent lack of national quality standards, high transportation costs and poor
accessibility to rural areas during the rainy season [3].
LEAP – Liberia Energy Assistance Program
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In 2006, with the help from USAID and IRG (International Resources Group) the LEAP program was
introduced to provide technical assistance in the areas of energy policy and rural energy development.
To assess and study the effect of solar home systems in rural areas, the IRG as part of the program
installed various pilot solar powered systems to demonstrate mechanisms to improve livelihood to
the rural citizens. These included providing Solar powered services to public institutions in several
unelectrified counties to study the effect of metered energy use using renewable technologies. The
program concluded successfully, with many valuable lessons learnt form the undertaken project [18].
The Future – ‘Small Light Today, Big Light Tomorrow’
As to serve and appease the greater population in the country, the rural populace, the GoL recognized
the need for investment in renewable rural electrification to provide affordable electricity and support
economic upliftment in all regions in Liberia. In accordance with this mission, the Liberian president
Ellen John Sirleaf announced in 2006 a guiding slogan to resonate with its new energy policy and
strategy calling it “Small Light Today, big light tomorrow”. The policies set are intended to move the
nation from a state of ‘small light’ to a greater future ‘big light’ echoing the sentiment for national and
economic development. However, the policies are yet to come to fruition with the identified need for
public-private partnerships to still lacking [4].
Section Conclusions
Due to lacking infrastructural capacity or electrification plans in the near term by the GoL in rural
localities, it is imperative that this gap be addressed in a technically and economically feasible manner.
One such approach is to encourage more solar initiatives by attracting public-private partnerships with
the help of project experience from USAID demonstrating both technical and economic viability. This
will help create a confidence model that can be fully adopted and fulfilled by the GoL or other
partnering organizations. Also, initiatives such as LLL show that the country is no stranger to solar
technology, more crucially this eases the process of public acceptance, perception and confidence in
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solar technology. The LLL program also shows the need for de-centralized generation where
dependency on transportation and accessibility in rural areas can be reduced. With DG services at the
heart of providing electricity this is possible with the ability to rapidly deploy solar based technology;
also, adequate maintenance is possible with appointing the right people and customers have access
to electricity all year round regardless of seasonal variations.

3.1.6. Renewable Energy Resource Assessment

Liberia is reported to have a strong potential for renewable resources including solar, hydro, biomass
and wind [6]. The analyzed demand for rural population in Liberia is calculated at 235GWh/year. J.
Alfaro et al. estimates that there are sufficient renewables to satisfy this demand with available
natural resources in the region [11]. Endowed with rich biomass resources such as rich forest, rubber
plantations, oil palm and residues of agro-food resources such as cassava, sugarcane and rice, there is
a significant untapped potential for bio power as well. The equatorial position of Liberia also places
the country almost directly under the sun at noon for ample solar insolation with little monthly
variations. Reported solar radiation as found from the Liberia Institute of Spatial and Geo-Information
Services (LISGIS) is between 4-6kWh/sqm per day, this is equivalent to approximately 5 PSH per day
which is a good solar resource. Ample rainfall in the range of 1600-4000 mm/yr further provides a
good source for hydro power [4,6].
As for wind resource, there is still no reliable data in Liberia. Estimates however show regions along
mountainous and coastal as good prospects for wind development.
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Solar Potential
Solar potential is strong in the country, Satellite data places the figures for solar insolation at
208.5W/sqm. Yearly average insolation is 4-6 kWh/m2, in rainy season months (June to September)
around 4-5kWh/m2, and in winter months (November to March) around 5-6kWh/m [5].
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5.8

5.9
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5-YEAR AVERAGE SOLAR
INSOLATION 2002-2007

Figure 10 - 5-year Solar Insolation pattern in Monrovia [20]

Figure 10 shows solar radiation data was obtained by NASA 2002, and Solar Technology 2007 as a 5year average in Monrovia. Please refer appendices section 1 for detailed data.
The obtained average 5- year insolation from table 10 is 5.1kWh/sqm.

Figure 11 - Solar Potential in Liberia based on region [3]
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Figure 11 shows the regional solar map in Liberia. It can be seen that Monrovia receives relatively less
radiation as compared to some Northern states and in Liberia as a whole. Going by this assumption,
the table above can be appropriately used as a baseline figure to represent solar potential throughout
the country. Total PV capacity in solar installations is reported at around 100kW as of 2007.
Hydropower Potential
Liberia is a tropical country with very wet seasons that usually last between months of April and
November. Hydro potential is quoted as being very significant with 2300 MW of hydro capacity
identified as per local studies [3].
Figure 12 shows the hydropower potential indicated by the blue lines in the map.

Figure 12 – Hydro potential in Liberia [3]

The collected water from the rains are drained through 6 major rivers channels located across the
country in Mano, St.Paul, Lofa, St. John, Cestos and Cavalla rivers. The largest of these in terms of
capacity potential is located on river St. Paul where the Mt. Coffee Hydropower plant originates. The
Cavalla and Mano rivers all have major portions residing in neighboring countries of Sierra Leone and
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Ivory Coast, this places a huge necessity on bilateral cooperation. The remaining rivers face a major
drawback due to comparatively low heads as a result of Liberia’s plain topography. This entails
requiring large investment in storage or reservoir building to still provide ample capacity during the
dry seasons [3].
Biomass Potential
Findings from a USAID study report biomass potentials of around 15 GWh/yr for forest residues, and
6 GWh/yr for crop residues totalling to ~ 21 GWh/yr [6]. Of this, biomass that would not hinder the
production of food and fuel is in the range of 1-2GWh/tonne with assumed conversion efficiencies of
20-40% [11]. Despite the promising figures, challenges remain in terms of operation, skill and
knowledge for developing biomass technology in rural areas. Thus, bio power remains in a state of
dormancy.
Section Conclusions
Solar resource is quite potent as can be seen from the Irradiation figures. It is seen to be high and
consistent across the country in the range of 1700kWh/m2/year [4]. This portrays the feasibility of
using solar PV in conjunction and diesel gensets and/or batteries to support low voltage transitional
mini-grids to electrify county capitals and large towns where there’s currently no grid access. Hydro
and Biomass possess good potential for future extension of grid and as an alternative to diesel fuel.
Subsequently, with bio-power technology perfected in the near future, diesel fuel can eventually be
phased out. With extensive skill, knowledge and large investments required for implementing
hydropower projects, solar based tech currently seems the most attractive option for providing
Decentralized Grid services in rural areas.
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3.2. Rural electrification policy in Liberia
As to bring about a national economic transformation, the GoL has adopted an ambitious two-pronged
strategy building on the NEP (National Energy Policy) to increase electricity coverage to 70% in
Monrovia and 35% nationwide by 2030 [3]. Of the mentioned strategies, one is focused around
expanding LEC’s grid connected service in and around economic centers in the capital, while the other
involves development of decentralized electricity services (DG’s) for towns and rural areas that are
not expected to be connected to the national grid in the short- medium term [3]. The RREA along with
the MNRE and have been legislated to develop the Master plan to see these objectives fulfilled by
2030. Stating the Master plan [4]“The Master Plan is based on the principles and policies of Efficiency, Equity, Sustainability,
Transparency, Private Sector participation and Regional cooperation. The National Energy Policy
principles remain effective, namely the principle of least cost development taking account of the
economic, financial, social and environmental factors and the special needs of the poor; the principle
of promoting equity across regions, social classes and genders while balancing efficiency on the
allocation of the available resources; the principle of optimizing the use of our indigenous and
renewable resources in a sustainable way; the policy of facilitating private sector investment; the policy
of a transparent and independent regulatory process to ensure safe, secure, reliable and sustainable
power at a cost-reflective but affordable price; and the policy of promoting regional cooperation.”
The gist of the above statement is that the developed master plan must deliver on the following
fronts –
i.

Development of an adequate supply system balancing efficiency and available
indigenous resources
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ii.

Development of a cost-reflective but affordable system

iii.

Development of system accounting for the special needs of the poor

iv.

Development of a system that provides safe and sustainable power
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Decentralized Grids (DG) Program

Table 4 - Overview of Decentralized program initiatives [4]

Table 4 shows the master plan roadmap for electrification options in Liberia.
The Master plan roadmap consists of 5 distinct programs and 92 projects to fulfil the national energy
policy in line with the stated objectives as above. The criteria of the programs are based on regional
localities and their proximity to current or ongoing grid development programs. The DG program
however represents all rural electrification initiatives and investments in areas that will not be
connected to the grid until at least 2030. The initiative is estimated at a total investment cost of $292
Million USD to enable electrification of 96,800 homes and a hefty addition of 53MW in decentralized
capacity utilising renewable generation [4].
The program is further subdivided into 4 main initiatives – DG.1 – DG.4 each with different objectives
as illustrated in the table.
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DG.1 focusses on Diesel/Solar transitional mini-grids with the aim to promote anticipation and
investment for electrifying several medium-large scale settlements where grid coverage is not
expected in the short-medium term. The implemented systems are to provide electrification for
several towns and its clients belonging to the residential and service sector, which in terms of capacity
is estimated at 25.1MW. In terms of population, it is projected to impact 101800 people. Total
required investment for the entire initiative is currently reported at 47.8 Million USD. Of this only 2.8
Million USD is currently being committed by various funding groups such as from the AfDB, the World
Bank and the EU. However, there still exists a huge gap of $45 Million for these projects that is not in
the capacity of these organisations.

Section Conclusion
Despite national policy goals of implementing Decentralized Generation capacities to provide 35% of
rural Liberia with electricity access, there remains a gap in finding the adequate funding sources as
only 20% of the funds are currently being committed to these project undertakings (currently from
ADB, EU and World Bank). Further funding commitment for these projects must hence involve a large
private component for which a strong business case is required. Therefore, this calls for the attention
of other funding sources such as development finance investors (DFI), equity investors, private
investors, and local IPP’s to provide the remaining funding requirements. The project is developed in
tune with the master plan requirements to fulfil the NEP by attracting investment from these
mentioned sources.
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3.3. Affordability (of rural communities)
The affordability of rural communities is obtained using data gathered from the Liberian Labour Force
survey conducted in 2010. Wage data was collected in respect of both paid and unpaid employees.
The survey report concedes that the figures obtained are quite rough given the difficulty in collecting
data through household surveys especially when concerning rural settlements. However, this data is
still used for the study as it still has relevance with respect to establishing affordability trends.
Table 5 – Weekly wages of Liberians [21]

Survey statistics from Table 5 show that average wages earned per week for paid employees is $74.
However, this figure is deceptive, given that this represents only the top 10% of employees earning
more than 70% of total earnings. The median earnings are however drawn around the $20/week mark.

29

PEN624 Renewable Energy Dissertation

Bharath Satheesh Nair

This means that half of all paid employees actually receive less than $20/week. The self-employed
category shows that average earnings per week is only $21, with just 13% of all employees earning
more than $20/week. More than 50% of employees earn under $2 a week totalling to around $8 a
month [21].
Given that the supply system is implemented in rural areas where there most of population is selfemployed with farming or agricultural activities, the designed supply system must ensure to keep
minimum tariff limits within affordability ranges of $8 a month.

3.4. Challenges and opportunities for rural electrification
Bringing off-grid services to rural populations contain a lot of associated risks. Security of cash flows,
policy uncertainty, regulatory transparency issues, complexity of governance, technical
implementation and maintenance challenges are some of very concerning issues [22]. The following
section lists the main identified challenges facing private investment decisions for the project.
i.

Providing a proof of technological concept

The supply system must be optimized to work as per conditions of the rural settlements and
availability of natural resources. The designed system must be available and online 24/7 to provide
power without fail regardless of other conditions. Power production is directly linked with cash returns
and any failure to do so impacts the other. The opportunity is to show the reliability features and
capabilities of renewable energy systems to populations entirely new to modern energy services
enabling the chance of RE technology proliferation throughout the country.
ii.

Enabling Free Cash Flows

The second challenge is to ensure that the designed supply system can be well managed to perform
financially well in very uncertain and risky conditions. This is in order to enable quick and timely
returns in investment to all the involved stakeholders. The opportunity here is to form a robust
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business model potentially combining private-public partnerships to ensure the right institutional
capacity and governance for the projects.
iii.

Willingness of customers to pay

The challenge highlighted here refers to aptly designing the supply system to meet customer demands
and satisfaction in an affordable way. Responding to customer needs is very important to ensure that
they receive what is expected from a service point of view in a suitable and affordable way.
iv.

Repayment Risk

The main risk in an off-grid rural projects is that customers may opt out from using the system at all
or paying for what they use. In designing off-grid projects for rural people, it is necessary to design
repayment plans to best match the cash flows of the beneficiaries. Thus, to avoid low repayment rates,
a study of consumer cash flows is necessary to develop effective remittance mechanisms.

3.5. Chapter summary
The literature review has established the rationale behind the current project undertaking. Promoting
private investment for providing modern energy services using indigenous resources is observed as a
firm requirement especially in poverty stricken rural areas that rely on expensive and polluting
methods to fulfil the same. Renewable Energy technology can help alleviate poverty, it can spur
economic development in the short to medium term enabled by access to a reliable source of power
to provide enhanced employment opportunities and benefit the poor [23]. The project gap is
established as needing a technical and financial model to attract investment to these areas as they
exhibit a considerable amount of financial risk. The following sections will therefore seek to address
all the technical and financial barriers as posed in the development of the system and provide viable
options to attract investors into Liberia.
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4. Methodology

Figure 13 - Methodology Overview flowchart
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Methodology process flow
The methodology flowchart is as depicted above in figure 13. The collected baseline information is
used to determine the main supply system design parameters for load profiling and projecting
population trends in villages. Data from the LISGIS is used to determine spatial distribution of
population in rural Liberia, the Liberia census 2008 on population and housing to estimate rural
settlement parameters such as population per household and info on usage of household appliances,
and personal communications with Sunlabob Renewable Energy Ltd. to gather data on basic
equipment prices and existing village conditions in Liberia. This dataset is then used to build the
scenario for developing the supply system. Load profiling is done using data from external aid
organization Plan International, an NGO who has been active since 2006 in Liberia providing aid in the
fields of education and health among others, ESMAP, and real-time power meters implemented by
Sunlabob Renewable Energy Ltd. at 5 project sites. Upon constructing the main parameters for supply
system design, these values are input into Homer to obtain the system technical parameters. The
outputs from Homer are used in RETScreen to form the financial options and scenarios to provide to
potential interested parties such as IPP’s, the GoL and private investors. The financial analysis uses a
baseline at 15% IRR for forming the proposed options.
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5. Development of rural energy supply system
5.1. Selection of study area (site)
The electricity demand for rural Liberian settlements is estimated based on available data collected
from the Liberian 2008 census, the Liberian Institute of Geo-information and Services, and on-site
monitored data. According to nature of consumption (residential or institutional) the village demand
is projected using population growth factors and household demand drivers. From the data two
scenarios are distinguished as conservative, and growth scenarios. In the growth scenario, economic
growth is assumed to be more pronounced spurring more demand from the supply system. This
demand is representative of all demand including suppressed demand.
Site Selection Methodology
The rural energy supply system is developed in accordance with the Decentralized Grids program
structure, as outlined in the Master Plan document for rural electrification in Liberia. The policy entails
supply of off-grid systems for ‘medium to large sized’ communities that are located far from an electric
grid [4].
To determine the size of a supply settlement in relation to the above criteria and given the lack of
existing data pertaining to settlements in Liberia, some assumptions are made on what constitutes a
‘medium to large’ sized settlement in terms of settlement area, population and demand trends. The
assumptions are directly linked to the 2008 Liberian census data (as more recent data is not available),
and is an informed estimate using available data.

Dataset Analysis
The purpose of this analysis is to construct realistic figures to reflect existing conditions in rural
Liberian settlements. The important factors to consider when developing an energy system are as
follows –
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1. Settlement Population
2. Growth trends in settlements
3. Customers and Demand Trends

The settlement population for large rural settlements is determined using 2008 census data [10,11].

The census dataset covers nearly 14,000 points from the smallest settlements to the largest cities in
Liberia, including points for institutions such as schools and health facilities. From this data pool, an
estimate of spatial distribution of rural settlements is obtained as a function of Settlement
density/population range. The table is constructed as below.

Table 6 – Spatial distribution of settlements in Liberia [11]

Population Range
1-10
11-25
26-50
51-100
101-250
251-500
501-1k
1k - 5k
5k - 10k
10k - 25k
25k - 50k
50k - 100k
100k - 250k
250k - 500k
500k - 1million
Total
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Settlements based on population range
No of settlements
% of settlements
1457
10.47%
2629
18.89%
2672
19.19%
2319
16.66%
2304
16.55%
1475
10.60%
867
6.23%
176
1.26%
7
0.05%
8
0.06%
4
0.03%
2
0.01%
0
0.00%
0
0.00%
1
0.01%
13921
100%

Cumulative%
0
10.47%
29.35%
48.55%
65.20%
81.75%
92.35%
98.58%
99.84%
99.89%
99.95%
100%
99.99%
99.99%
99.99%
100.00%
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Based off Table 6, the smallest settlements are seen to consist of populations with less than 10
persons, and the largest settlements, presumably a commercial hub or an economic centre, exceeding
1000 persons.

The values show population in Liberia as overwhelmingly rural, residing in several thousands of small
towns of populations ranging from tens to a few hundreds. The top 65% are found to be residing in
small settlements with less than 100 persons per settlement. With an estimated average of 5 persons
per household, this is about 20 households in the smallest villages. The next two segments represent
larger settlements that are seen to consist between 100 and up to 500 residents (which is about 100
households). Settlements consisting upwards of 500 persons are seen to be very small as comparative
to the rest as these represent major county capitals and cross border cities with grid access projects
already in the pipeline., To determine a fitting range for a large rural settlement, the largest
settlements existing outside of capital Monrovia is selected as a starting point.

POPULATION DISTRIBUTION (BY PERSONS) IN
LIBERIA PER SQUARE MILE
251- 1M In
Monrovia, 32.00%
1-250 Outside
Monrovia, 68.00%

Figure 14 - Population distribution in Liberia [6]

Taking into consideration that 68% of population reside in impoverished rural areas outside Monrovia
or other commercial centres as seen in figure 14, the largest settlement size falling within this
boundary is selected as basis for the supply site. The largest settlement is chosen to reflect the
maximum requirements from a supply system point of view. From table 6, it is seen that the
cumulative 68% falls under the population category range of a maximum 250 persons. Considering
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this boundary and assuming the average national figures of 5 persons per household [10], the upper
limit of rural settlements is estimated to consist of 50 households (1).

The second factor is accounting for yearly population growth trends in these settlements. This is of
prime importance when developing a supply system that is projected to serve in the long term that is
taken at 20 years. Also, as estimated values for settlement population obtained in (1) are based off
census information complied in year 2008, it is required that this value is extrapolated to current day
values as of 2017.
In estimating growth trends, two components must be addressed, one being the increase in yearly
population and the other being increase in yearly household consumption based on economic growth.
The predicted increase in yearly population is provided by studies conducted by the UN, AIE and AFU
indicates an average yearly increase of 2.8% as seen in Table 7.
Table 7 – Demand Estimate Parameters [11]

Parameter
Yearly population increase (%)
Increase in access to electricity (%)
Increase in electricity demand by electrified
populations
Electricity Demand

2

Average
2.8
1.5

2
60

1.5
50

Upper Limit

Lower
Limit

Sources
UN (2011)
1 Assumed

1 AFTEG, IEA
40 IEA

Hence, to obtain existing village population, an additional 9 years of population increase @ 2.8% is
applied on previously obtained in (1). This results in an additional 70 persons per settlement or 320
persons/settlement, and an equivalent 64 households. (2)
As for addressing the second component, viz energy demand growth based on GDP, there exist some
anecdotal evidence that suggest yearly increment values 2.34% as a realistic long-term estimate for
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annual energy demand growth, this is justified on the basis that household energy demand in rural
areas will roughly double over a 30-year period [12].
Following this trajectory and with the requirement to meet demand for the next 20 years, the growth
rate is calculated at ~ 30%. The additional growth rate is not immediately incorporated into the system
design as it represents an area of uncertainty, possibly incurring wastage of money and resources for
acquiring additional components. Instead the growth rate is made to mirror as a function of additional
diesel fuel required to satisfy additional demand occurring over the years. The decision to install
further PV capacity is left on to financers to decide based on the additional fuel required to withstand
the growth rates. This is performed later in the sensitivity analysis section.
With a projected estimate for settlement population and growth trends now established, the final and
most important piece to designing a supply system is to estimate the load profile. An estimate of rural
energy demand and use is available in section 3.1.2, which shows average consumption in mediumlarge households at 30kWh/month. However, to add data verity and granularity for settlement
consumption patterns and to address the needs of all system consumers, a more detailed load profile
formulation method is utilized.
Due to the concept novelty of providing modern electricity services in Liberia, predicting a customer’s
daily energy needs, as with other information, is difficult given the scarcity of any existing data on
energy demand. To simplify the issue of formulating a meaningful estimate for expected energy
demand, a multi-tier model as proposed by the organization ESMAP is utilized.
ESMAP short for the Energy Sector Management Assistance Program is an assistance program
administered on a global scale to promote environmentally sustainable energy solutions and
economic growth in poor and developing nations. The program provides analytical and advisory
services to low income nations to increase their know-how and institutional capacity to achieve these
goals. The initiative is funded by several countries including the World Bank [24].
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The multi-tier model aids with building an efficient and adequate energy supply system applicable
mainly to poor rural areas where energy use is hard to determine. It basis that to provide meaningful
energy services to low income households, the energy supply system must possess several attributes
with respect to availability, reliability, quality, affordability, legality and safety. These attributes are
made to reflect on consumer income levels and affordability, in effect segregating each consumer
based on various access tiers.

An example of an MTF model is tabulated in Table 8
Table 8 – ESMAP MTF model framework example [24]

Attributes
Peak Capacity
Services

Availability

Tier 1
Min 3W
Min 12Wh
Lighting of 1000
lmhr/day

Tier 2
Min 50W
Min 200Wh
Lighting, TV,
Phone
Charging

Tier 3
Min 200W
Min 1000Wh

Tier 4
Min 800W
Min 3400Wh

Min 4Hrs per day

Min 4Hrs per
day
Min 2 hr in
evening

Min 8Hrs per
day
Min 3 hr in
evening

Min 16Hrs per day

Min 1 hr in evening
Reliability
Quality

Affordability
Legality
Health and
Safety
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Min 4 hr in evening

Max 14
disruptions/Week
Voltage problems do
not affect use fo
desired appliances
Cost of package per year < 5%
household income
Bill paid to authorized
rep
Absence of past
accidents and
perception of high
risk

PEN624 Renewable Energy Dissertation

Bharath Satheesh Nair

Successive thresholds are assigned (these are called tiers) based on a customer’s access to electricity
appliances and daily energy needs measured in (Wh/day). Each tier is associated with certain
requirements that explain the nature of electricity service that is required to be provided by the energy
system. For instance, in this example, the energy system designed must be able to provide at least 2
hours of lighting in the evening to a customer belonging to tier 2 (i.e. consuming at least 200Wh per
day). The multi-tier model effectively ensures that customers are adequately provided reliable and
high-quality energy services by the implemented energy system.
To determine and assign these tiers to our current requirement, which is a settlement comprising 64
household connections, a user demand survey is performed and analyzed for settlement consumers.
The survey data was compiled courtesy of the Organization Plan International on behalf of a joint
tender with UN to provide PV micro-grid systems in Lofa County, a county situated in the NorthWestern part of Liberia.
Table 9 duly represents the results of the survey which is subdivided into no of customers with their
preferred consumption tiers. For the Project undertaking, it will be assumed that this data is a realistic
estimate of standard consumption patterns throughout large rural settlements in Liberia. The Survey
was conducted for 5 village namely, Koiyama, Lengbamah, Nyengbalum, Taninahum and
Mamikonedu. The results of the survey are utilized to build the load profile for the supply system.
Table 9 – Results of survey data for 5 villages [25]

Consumption Tiers(Wh/day) Koiyama
275 (household)
50
550 (household)
26
1100 (household)
1
1650 (household)
12
2200 (Institution)
1
2750 (Institution)
1
3300 (Institution)
3
4400 (Institution)
0
8800 (Institution)
1
40

Village-wise distribution of customers
Nyengbalum Mamikonedu Taninhaum
33
81
39
21
41
23
1
4
1
5
14
30
0
0
3
1
1
1
0
0
3
2
1
0
1
1
1

Lengbamah
80
46
10
3
12
1
3
0
1
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Methodology of Demand Estimation
It is observed that the demand survey is segregated into 9 separate connection types based on daily
Wh consumption. 275Wh – 1650Wh categories are seen to comprise majority of the connections in
the village. These consumption categories represent household connection types. Connections
beyond 1650Wh are institutional loads. As per census information, a typical village in Liberia is
expected to consist of 5 or more institutional loads such as community centres, schools, clinics, and
some businesses [10].
To estimate the expected daily demand for our requirement of 64 households, a tier-wise connection
ratio is computed for each village. The ratio compares no of households for each connection type in
relation to the total no of households per village. This is to obtain a standard for village consumer
patterns and expectations in Liberian rural settlements. A mean ratio is obtained by averaging out
these ratios for all villages involved in the survey. This is followed by computation of tier-wise standard
deviation to allow for large variances, if any, on the values computed.
Data Analysis
Tier-wise connection ratio is obtained using this methodology.
Table 10 – Tier-wise Connection ratios

Connection Type (Wh/day)
275
550
1100
1650
2200
2750
3300
4400
8800
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Ratio
0.52
0.30
0.03
0.07
0.03
0.01
0.02
0.01
0.01

StdDeviation
0.007121337
0.02744233
0.029570495
0.053631589
0.0417063
0.004616095
0.015913987
0.018042196
0.004616095
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Table 10 shows that all villages in the Lofa county region have similar ratio of connection types for
each consumption tier determined by the standard deviation, which is nearly 0 in each case. The daily
demand for 64 household connections plus an additional 6 for institutional loads are calculated below
using these ratios.
The equation can be generalized as below –

𝑁𝐶𝑖 = 𝐶𝑅𝑖 ∗ ∑ 𝐶

(1)

𝑇𝑜𝑡𝑎𝑙

Where,
•

𝑁𝐶𝑖 is No of connections for a given tier 𝑖

•

𝐶𝑅𝑖 is Connection Ratio for a given tier 𝑖

•

∑𝑇𝑜𝑡𝑎𝑙 𝐶 is the estimated total number of connections in the settlement (70)

Total energy demand for the settlement is then given by the equation,

∑
𝑇𝑜𝑡𝑎𝑙

𝐸 = 𝑁𝐶𝑖 ∗ 𝐸𝐶𝑖

Where,
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•

∑𝑇𝑜𝑡𝑎𝑙 𝐸 is the total energy demand

•

𝐸𝐶𝑖 is energy (Wh/day) for given tier 𝑖

(2)
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Table 11 – Total demand estimate for a 70-connection settlement

No of Connections Connection Type
Total Energy
(
(Wh/day)
Demand (Wh/day)
34
275
14025
21
550
15950
2
1100
4400
7
1650
11550
2
2200
6600
1
2750
5500
1
3300
6600
1
4400
4400
1
8800
8800
70
58300

Table 11 shows the computed daily energy to be supplied by the micro-grid system using the off-grid
supply system,
Which is 58.3 kWh. (3)

5.2.Load Profile Analysis
The next step is to allocate hour-wise demand patterns for the settlement. The step is significant as it
aids in the process of supply system design, key questions relating to storage requirements, peak load
requirements, etc. are some of the various considerations that need to be accounted for, the load
profile provides critical information with regards to these questions. Using available information, each
system component is sized to meet the respective load requirements for each scenario.
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With the available information, two distinct scenarios for system design are considered. A
conservative scenario accounting for load demand patterns as currently observed in rural villages, and
a growth scenario to compare the effect of having a system sized today as opposed to one that
accounts for future economic growth in the settlements. This comparison helps to determine which
scenario is more economically viable if implemented today. The conservative scenario uses site
monitored data to typify daily load patterns. The monitored load profile pattern is then used to derive
the system design parameters. The conservative scenario can be explained as a base load that can be
expected for today’s rural settlements. The growth scenario is formulated using the base figure as
obtained through the survey for energy demand in (3).
Conservative Scenario
Daily on-site power consumption for 5 villages in the Lofa county region were monitored using on-site
power meters set up by Plan International and Sunlabob Renewable Energy for the provision of microgrid systems in Lofa County. The meters set up provide system performance metrics and monitor daily
village power activity. Compiled data for 5 months (June to October) is analyzed to obtain various
energy demand parameters such as hourly demand and expected peak loads/connection for each
monitored village. Values for each parameter are then averaged out across all villages to obtain a
consistent figure for developing the conservative load profile for a 64-connection settlement.
Energy consumption is divided into three categories as monitored during different times of the day –
day (0600 – 1800), evening (1800 – 0000) and night time (0000 – 0600). This method is logical as the
5 month monitored loads for every village exhibited uniform patterns of consumption during these
periods.
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A typical Load profile occurring in the village Koiyama with 80 connections, measured from the meter
is shown in figure 15. The load analysis was performed using the tool Xtender, provided from Studer
technologies.

Figure 15 – Example of power meter reading in Koiyama [26]

It was observed that power consumption is more or less uniform during the three periods.
For example, the average day load considered for the above load pattern is as 0.4kW, night load is
1.75kW and evening load is 2.45kW. Similar analysis is performed for each monitored village, this is
followed by obtaining the average for each parameter. The values are tabulated in table 11. Please
refer appendices section 2 for detailed information on parameter values obtained for each village.
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Conservative Scenario Load analysis results
Table 12 shows the computed estimates for daily power consumption using power meters for the
conservative scenario.
Table 12 – Conservative scenario load consumption estimates/ connection

Conservative Scenario Load Data

VALUE

UNITS DURATION

Power Consumption /Connection
Day

4

Watts

6AM – 6PM
12 Hrs

Power Consumption /Connection
Evening

16

Watts

6PM-00AM
6 Hrs

Power Consumption /Connection
Night

11

Watts

00AM – 6AM
6Hrs

Peak Load expected/connection

32

Watts

Daily Energy Demand per connection

210

Wh

Daily Energy Demand for 64 connections

13.4

kWh

Daily peak load expected for 64 connections 2

kW

Observations
High consumption periods for all villages are found to occur in the evenings between 1800–2400. For
the periods 0000 until 0600, a finite load is measured found to be approximately 70% of the evening
loads. This behavioral pattern makes sense as all customer appliances like lights and radio are likely to
be turned on during these hours. After hours consumption in this case was found to be due to
customers leaving outdoor lights on throughout the night. The peak load occurring on the system was
measured during the evening period at an average of 32W/connection.
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This shows the importance of incorporating storage in the design of the supply system in order to
meet the evening peaks. Day-time loads are found to be much lower, a bit above 20% of evening loads.
This scenario is likely to change in the event of more businesses and commercial activity taking off in
the near future (this case is modelled in the growth scenario). Daily energy demand is obtained by
summing the values of Wh (watt*hours) for each duration, and multiplying the value by 64
(connections).
Load Profile for 64 connections (Estimated)

1.2
1
0.8
0.6
0.4
0.2
0

00:00:00
01:00:00
02:00:00
03:00:00
04:00:00
05:00:00
06:00:00
07:00:00
08:00:00
09:00:00
10:00:00
11:00:00
12:00:00
13:00:00
14:00:00
15:00:00
16:00:00
17:00:00
18:00:00
19:00:00
20:00:00
21:00:00
22:00:00
23:00:00

DEMAND (KW)

Conservative - Daily Load Profile

HOUR OF DAY (HR)

Figure 16 – Conservative load profile for 64 connections

The hourly values for energy demand are computed by obtaining the product of individual hourly
demands and the total no of connections (64). The result is shown in Figure 16. The load profile
represents the current conditions of a large Liberian settlement; this data is treated as the minimum
system requirements for rural electrification of Liberia.
Growth Scenario
The growth scenario utilizes a projected load profile derived off the data obtained from the MTF model
user demand survey. The total demand of this scenario as originally calculated is 58,300Wh/Day. This
demand is not expected to be present immediately, but presents a viable case of consumers
expectations in the long term given increased economic activity and population growth.
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Based on this logic, the hybrid system components for this scenario are designed and sized to
appropriately fulfil these conditions.
Hourly Demand Estimation
Hourly demand is estimated according to predicted appliance ownership and patterns of usage as
seen in section 3.1.2, for each consumption tier. An approximate data set is constructed using
information from the Liberian census for customer access to household commodities in rural areas.
According to the population census survey Liberia 2008, household commodities can be classified into
essential and non-essential commodities. Non-essential commodities that consume electricity include
radios, fans, televisions, cell phones and refrigerators. Among this, it was found that approximately
30% of households had access to radio, 16% to televisions and 4% to refrigerators [10]. These figures
are incorporated into the load profile analysis based on tier classification. Higher tiers are assumed to
own more appliances than lower tiers. For example, households falling under high consumption
(1650Wh/day) tiers are assumed to own a refrigerator, television and radios/fans.
The remaining data set is constructed accordingly. Each appliance is assigned for each household tier
are as given in Table 13:
Table 13 – Tier wise appliance distribution

Connections
(Wh/day)
Lights (15W)
Radio/Fan (25W)
Phone Charger (2W)
Television (65W)
Refrigerator (30W)

275
3 CFL lamps
No
Yes
No
No

550

1100

1650

5 CFL lamps
Yes
Yes
No
No

5 CFL lamps
Yes
Yes
Yes
No

5 CFL lamps
Yes
Yes
Yes
Yes

Using this data, the household demand profile for a village is constructed by estimating the hours and
time of usage for each appliance as outlined in the table findings given in the appendix section.
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The data formed is an approximation based on several studies conducted on appliance use in rural
villages across the world [40]. For more details on data formulation for household consumption,
please refer appendices section 3.
Consumption data for institutions is similarly formulated and available in the appendix section.
Tier category 2200Wh is assumed to be business loads or a community centre, 2750Wh a school,
3300Wh as large business loads, 4400 as a clinic and 8800Wh as a water pump load operating for 8
hours a day. These loads are assumed to occur during the daytime from 0900-1700. Hourly
institutional load data is formed using load profile studies conducted in developing countries around
the world [14,40].
Finally, with the above information we come up with the village energy demand in Figure 17

Village Daily Power Demand
7000
6000

POWER DEMAND (W)

5000
4000
3000
2000
1000
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
HOUR OF DAY

Figure 17 – Growth scenario daily Load profile

The total sum of village power demand is calculated at 41,000kWh daily. Peak Demand for the load
profile is 5.8kW observed between 19:00 and 20:00 pm. This is the period where residential loads kick
in, and hence the consumption surge during the evening hours.
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5.3. System design

5.3.1.Description of the tool/software
Homer
Homer is a micropower optimization model software designed to simplify the process of evaluating
multiple power systems for a variety of off-grid and grid connected applications. The software
evaluates various design configurations based on type and number of components, type of technology
used and available energy resources. Using these values, Homer provides a financial estimate based
off each design configuration to help make feasible economic decisions. The software outputs the
Levelized Cost of Energy(LCOE) and net present costs for each option to give an appropriation of
project feasibility [27].
With regards to the study, Homer can help to determine the cost effectivity of an off-grid PV/diesel
hybrid system as compared against a diesel only system, the diesel only system which is considered
the business as usual (BAU) scenario. Based off output LCOE values, system parameters can be
tweaked to obtain the most cost-effective solution. This is performed by tweaking system component
sizes or reducing the price range of certain components exposing the need for financial aid
mechanisms in the form of subsidies. If it is determined in literature that any of the input parameters
are subject to uncertainty or soft changes given the existing marketplace conditions, the simulate-on
is subjected to a sensitivity analysis of these parameters within a decided range of values. The impact
of these factors can then help making informed planning measures to ensure security in system
performance and operation.
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RETScreen
The RETScreen clean energy management software was developed by the Government. of Canada to
aid in the assessment, identification and optimization of potential renewable energy and energy
efficiency projects. The tool calculates both technical and financial viability and performs ongoing
performance analysis of Projects. RETScreen basically empowers decision makers to rapidly identify
the technical and financial viability of a Project [28].
Financial parameters such as NPV, IRR and LCOE can be calculated for different Projects and scenarios
to enable decision makers to make informed decisions, for example about ways to go about obtaining
the required finance and how the feasibility of a project changes to different affected parameters
(sensitivity analysis). In the context of the Project, the IRR is measured as the output parameter with
which the feasibility of a project is measured. Different control parameters such as available
Government. subsidy, import duty on equipment can be varied to obtain the optimum IRR. The
parameters required to bring the IRR to 15% are considered as the ideal conditions necessary to run
the Project.
The following section explains all technical and financial input parameters to Homer and RETScreen.
Results and conclusions are discussed for various scenarios varying key control parameters. The ideal
conditions necessary for policymakers and investors to successfully implement a PV/Hybrid project in
rural Liberia are based out of these results.
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5.3.2.Technical modelling
System Design Specification

The mini-grid system is developed for both the conservative and growth scenarios to present options
that represent both short term realistic expectations and long term projected expectations based on
the villager demand survey. This allows the Government. and all financial stakeholders to make
informed decisions on their investment choices based on the results obtained for each scenario.
The conservative scenario is examined first.
Homer Inputs
Primary Load Input

Figure 18 – Homer Primary load input screen
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The primary load input consists of inputting hourly-wise load profile as computed in the load profile
analysis section for the conservative scenario. This is shown in Figure 19. The load type is assumed to
be a 230VAC supplied from the mini-grid.
A low day to day variability is chosen as monitored load profile data showed minimal variations in load
consumption between days. Time-step variation is assumed at around 25% due to some sudden peaks
that was apparent in the monitored load profile of the villages [26]. This is to account for large
unexpected peak surges in the system. Daily average load computed by Homer was 14kWh with a
~2kW peak. Seasonal variation is not accounted in the load profile screen.
Solar Resource Inputs

Figure 19 – Homer Solar resource input screen

Solar resource is taken directly from Liberian meteorological database, from which a monthly estimate
of daily radiation is input in kWh/sqm/day [20]. Solar irradiance is observed to be low in the months
from June to September, this is due to the monsoon season. Scaled annual average is
4.87kWh/sqm/day. Input values are shown in Figure 19.
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Temperature Inputs

Figure 20 – Homer temperature inputs screen

Temperature inputs were also obtained from the LISGIS database [20]. Annual average temperatures
are 27.7C. Input values are shown in Figure 20.
System Components
PV Design

Figure 21 – Homer PV inputs screen
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The de-rating factor is set at 80%, this is calculated taking into consideration all potential losses from
factors such as dirt losses, cabling losses and potential shading losses. Breakdown of losses are as
follows.
Table 14 – PV system losses [28]

Loss Parameters Losses (%)
Soiling
4
Shading
2
Mismatch
3
Wiring
2
Connections
3
LID
1
Availability
5
Total
20

Peak Sun Hours is set at 4.87, which is the scaled annual average value for solar irradiation in Liberia.
Solar panels are assumed as regular ground-mount 250Wp panels facing perfect south with an
inclination of 7° (chosen based on country’s latitude). Total PV capacity is first manually computed
using the above data and then results are populated into the search space considering capacity ranges
of up to 10kW. Temperature losses are determined using the power co-efficient obtained from the
datasheet of a 250Wp REC Solar panel at -0.4%/C [29]. This equates to a 0.4% loss in panel power
capacity per °C beyond 25°C. Input Homer values are shown in Figure 21.
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Converter Design

Figure 22 – Homer converter inputs screen

The mini-grid supply system is designed as a single phase 230VAC. Hence output power rating used
for the inverter is 230VACout. Inverter capacity is chosen at 2kW, as this represents the peak load
occurring in the system. Inverter DCinput is fed from the battery system on a 24VDC bus, battery
details are discussed later in the section. An inverter efficiency of 90% and rectifier efficiency of 85%
is assumed for the study. Inverter search space is accommodated to have sizes ranging from 2 – 5kW.
Input Homer values are shown in Figure 22.
Battery Design

Figure 23 – Homer Battery inputs screen
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Battery system is designed to provide for entirety of night loads incident on the system (10.4kWh),
assuming a 70% DoD and 72% charge/discharge efficiency. A 70% DoD is chosen to maintain an
adequate number of charge cycles to provide good battery life. A 2-day autonomy for battery
operation is considered, to hedge for in the event of system maintenance or poor solar resource.
Battery size is manually computed using above data and obtained as ~1000Ah. A string of 12 batteries
are used to provide the inverter DCin requirement of 24V. Hence a 12 string 1000Ah Hoppecke deep
cycle batteries are considered for the simulation. Input Homer values are shown in Figure 23.
Generator Design

Figure 24 – Homer Generator inputs screen

A 2kW emergency back-up diesel generator is considered to provide for the settlement’s 24-hour load
requirements in the event of a system shutdown, or battery system maintenance. The dispatch
strategy is set on load following mode. Input values are shown in Figure 24.
These are the technical inputs for individual system components considered for modelling the minigrid system in Homer. Financial details for the components are discussed in the financial modelling
section.
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Summary of system input parameters for conservative scenario in Homer is tabulated in Table 15.

Table 15 – Conservative scenario input summary

PV Design
Aggregate daily demand
14
PSH
4.87
Panels Used
250
Azimuth
Perfect South
Inclination
7°
Performance Ratio
0.80
Panel Capacity Search Space
5 - 10
Inverter Design
Inverter Search Space
2-5
Voltage DC
24
Output AC
230
Storage Design
Night Load
10.4
Amperage Required
217
DoD
70%
Converter efficiency
72%
Days of autonomy
2
Storage Capacity Required
1000
Operating Voltage
24
Battery Model
Hoppecke 2V 1000Ah
No. of Strings
1 string of 12 2V batteries
Genset Design
Size
2
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kWh
Wp

kWp
kW
V
V
kWh
Ah

Days
Ah
V

kVA
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Growth Scenario
The process of component selection is similarly performed for the growth scenario using the growth
load profile.
A future demand growth factor is accounted into the final system design, this is estimated based on
village population and demand growth trends in Liberia. The factor is multiplied with the current
aggregate demand and the system is designed to accommodate this as a buffer for future increase in
capacity. The system is sized taking keeping these factors in mind.
Homer Inputs
Primary Load Inputs

Figure 25 – Homer Growth scenario load input screen

Hourly Load values are input into Homer under the Primary Load tab as before. Low random variability
in load is assumed in this case at 5% across days and time steps, and load profile is assumed to be
consistent across seasons. Annual average with these conditions are projected at 53.2kWh/day with
a 7kW peak. Input values are shown in Figure 25.
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Resource Inputs
Same inputs as in the conservative case.
System Components
PV Design

Figure 26 –Homer Growth scenario PV inputs

The PV component is similarly designed for maximum renewable penetration. All factors such as
performance ratio, temperature de-rating, and system lifetime are unchanged. It is also assumed that
the panels are 250Wp ground mounted and facing perfect south with an inclination angle of 7°. With
this configuration, manually computed PV capacity to meet this requirement is at 15kW. A 5kW
allowance is added to the PV search space for the modelling to compare system size effects on
performance and cost. Input values are shown in Figure 26.
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The converter is designed to accommodate two-way operation as a bidirectional converter, working
as an inverter to provide to a 230V AC bus, and as a DC rectifier to charge the battery provided any
excess generation from the diesel generator. Converter rating is decided at 7kW based on the peak
load incident on the system. Nearest inverter size to meet this requirement is an 8kW inverter. Sizes
of up to 10kW are populated into the Homer search space. Inverter lifetime and efficiencies are
unchanged. Homer Input values are shown in Figure 27.

Figure 27 - Homer Growth scenario converter inputs

Battery Design

Figure 28 - Homer Growth scenario battery inputs
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The battery system is selected to provide energy during off sun hours when the loads are mostly active
as evident from the growth load profile. The storage element further provides some buffer and
cushion for the intermittency issue posed on by the PV system. Storage also provides utility in
smoothing and ramping functions for the mini-grid system [30]. Storage is optimized to cut diesel
operation to its minimal capacity to save on fuel costs and prevent air/noise pollution at night time.
The battery is designed to output on a 48V DC bus to energize the 8kW inverter. Depth of Discharge
and converter efficiency rates are assumed at 70% and 72% respectively, with a 2-day autonomy for
night time loads. Any excess PV produced in the day time is designed to charge the battery, and
discharge during night-time. In this scenario, only the battery functions during night-time where
diesel-genset functioning is halted or reliably minimized.
To meet the above conditions, a 2500Ah 2V battery is used. 24 numbers of these batteries are strung
in series to meet the required input converter voltage of 48V. Modelling in Homer uses the 2V
Hoppecke 2500Ah series of batteries with a minimum assumed lifetime of 10 years. The Input values
are shown in Figure 28.
Diesel Generator Design

Figure 29 – Homer Growth Scenario Generator inputs
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A backup emergency diesel generator is provided as backup to meet demand in situations of low
renewable resource. It is assumed that the generator only functions at a minimum 30% load ratio to
prevent any genset damage and incur additional maintenance costs [30]. A lifetime of 15,000
operating hours is also assumed here. Load following dispatch strategy is assumed. Both scenarios are
simulated against a BAU scenario which is assumed to be a diesel-only system to provide for the same
load requirements. The results will reveal whether it is economically better to have sole-diesel
generation as compared to having a renewable hybrid system implemented today. This information
will be important for local IPP’s today relying on diesel only systems and provide a business case to
indicate if a shift to renewable generation is necessary. Input values are shown in Figure 29.
Summary of system input parameters for growth scenario in Homer is tabulated in Table 16:
Table 16 – Growth scenario summary of inputs

Technical Design
Value
Units
PV System
Aggregate daily demand
53.2
kWh
PSH
4.87
Panels Used
250
Wp
Azimuth
Perfect South
Inclination
7
Performance Ratio
0.80
Panel Search Space
15 - 20
kWp
Inverter Design
Inverter Search Space
7
kW
Voltage DC
48
V
Output AC
230
V
Storage Design
Night Load
30
kWh
Amperage Required
625
Ah
DoD
70%
Converter efficiency
72%
Days of autonomy
2
Days
Storage Capacity Required
2500
Ah
Operating Voltage
48
V
Model Used
Hoppecke 2V 2500Ah
Strings Required
1 strings of 24 2V batteries
Genset Design
Size
10
kVA
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System Block Diagram

Figure 30 – Block diagram for Off-grid system topology [31]

Figure 30 shows the topology of the off-grid hybrid system. The system is configured with an AC-DC
coupled topology. According to Soloranzo.J et al., an AC-DC system is a proven robust technology that
combines the advantages of both AC and DC coupled systems. An AC-DC coupled system solves the
problems observed in AC coupled systems such as blocking the system in the absence of a grid, and
gets rid of unnecessary converter efficiency losses [31].
An AC-DC coupled system essentially consists of separating the DC and AC sources to provide to their
respective loads. In this case all consumer loads are AC loads. The DC bus carries power from the PV
panels and the battery to the inverter DCin, while the AC bus carries power from the Inverter Out and
backup generator to respective consumer homes. The bi-directional inverter forms the brain of the
system responsible for building the AC grid, and regulating charge/discharge functions of the battery.
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5.3.3. Financial modelling

The section consists of assigning informed prices for equipment and estimating project capital costs,
replacement costs and operating costs. These prices are fed into Homer to obtain the LCOE for each
option to subsequently come up with a financial plan to fund and make back the project costs over its
20-year lifetime. The modelling further helps in setting appropriate tariffs and subsidies (i.e., obtaining
the right energy price for the scenario) which is crucially important to ensure project sustainability. A
sustainable rural electrification tariff must at least aim to cover the system’s running and replacement
costs (break-even tariff), even though the opportunity for profit is key to attract private operators
(financially viable tariffs). Tariffs must also maintain the balance between commercial viability and
consumers’ ability and willingness to pay.
Capital Costs
J. Alfaro et al. and personal communications sources have all indicated that equipment costs in Liberia
are 60% up to a maximum of 80% more than world marketplace values [11,26]. This is inclusive of all
import duty costs, site transportation costs and equipment costs. Transportation costs to longer
distances from Monrovia are linked with higher system costs. For the project, we assume 60% higher
values for equipment as the base value and 80% as the maximum increase allowed for system costs.
The following figures for system equipment and related O&M costs were obtained in conversation
with supplier retailers and installers of PV components in Liberia. The additional costs for transmission
and distribution lines are assumed to be in line with any other implemented technologies and are
hence omitted from capital cost calculations.
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Equipment Costs
PV panel costs are assumed based on normal marketplace values currently existing around the world.
Local studies conducted in Liberia have indicated total installed costs of PV panels of around $1.5/W,
this is inclusive of PV structure mounting costs, and labour costs [12,35]. O&M costs are taken as
$10/kW/year [12]. Inverter Costs are similarly modelled into Homer at $USD 0.2/Wp base value [32].
This value is in tune with world average costing practices for single phase residential scale inverters.
Battery costs are found to vary widely based on the make and source of supply. According to industry
research conducted by RREA in 2013, batteries were found to cost around $100/kWh [33]. Hence for
the modelling, a value of $500USD/unit (5kWh/battery*$100) and a lifetime of 10 years.
Current pricing norm for diesel generator are at $0.6/W. Genset O&M costs are estimated around
$0.5/10kW according to [33]. Current Diesel fuel prices ($/Litre) in Liberian capital Monrovia,
according to latest estimates is at 0.83cents [34]. True figures for fuel prices in rural areas as discussed
with local experts are found to be around $1.2/L [12].
For the Homer modelling inputs, values obtained above are first increased by 60%. Following this an
additional 15% is included allowed for transportation costs to long distances. This is achieved by
performing sensitivity analysis around 15% of the base system. Values closer to the 15% mark on the
sensitivity scale can be thought of as locations far away from the capital Monrovia as transportation
costs increase. Table 17 shows the breakdown of individual component costs.
Table 17 – Component cost breakdown

Component
PV Cost
Converter Cost
Battery Cost
Genset Cost
Fuel Cost

Costs
$1.6/W
$0.32/W
$800/unit
$1/W
$1.2/Litre

O&M Costs

2% of initial capital

Replacement Costs

75% of initial cost
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RETScreen Simulation
The financial analysis is simulated using RETScreen to suggest optimum financial conditions required
to obtain a suitable value for IRR (at least 15%). The project feasibility criterion in accordance with
World Bank practices for similar project undertakings at 15% IRR is selected to reflect a project with
considerable risks involved [36]. The main risk involved is that associated with the renewable energy
system itself in its resource intermittency, as various financial factors heavily rely on output power
produced by the supply system. Other factors play on the unpredictable environment present in rural
areas in relation to logistic channels, equipment costs and project management capabilities. The value
used is de-facto per World Bank recommendations for off-grid projects in rural areas.
The results on financial conditions based on obtained IRR and NPV, can then suggest various options
for project funding and management such as - amount of Government. subsidy required for project
feasibility if any, the optimum mark-up required for operators, and what nature of subsidy is more
suitable for the undertaking. The values of cost and other technical information such as load profile
are input per Homer simulation. The LCOE obtained for each system scenario is then input with a
margin under the ‘Electricity rate’ column in the ‘Load and Network’ sheet in RETScreen, this is the
equivalent tariff set by the operator reflecting the projects annual savings. An initial discount rate of
6% is chosen with a project lifetime of 20 years. Under these conditions, the simulation is run for
different tariff margin rates and subsidy amounts until optimal IRR conditions are attained.
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5.3.4. Institutional setup (and/or governance)
Developing the right institutional setup, governance and business model is very important for the
sustainability of the built electricity service system, as the key to success for off-grid projects heavily
relies on who invests, develops, owns and operates the system. This can include setups based on
complete ownership such as local IPP’s or others based on combined ownership [37]. Ownership is
very closely linked with the actors involved who is responsible for the system implementation and
system Operation and Maintenance. The adequate model must be chosen based on local
circumstances [37]. Based on the current scenario there are two possible options, a hybrid community
driven model and a private sector driven model.
Based on the isolated locations of the implemented off-grid systems with respect to major cities in
Liberia, it is often the case that the community itself is best served to be in charge to look after and
operate the system. It is difficult for bigger actors to have an immediate and permanent presence in
such areas. Moreover, compared to the alternatives, the village residents are themselves the sole
consumers of the system and hence it will be in their strong interest to ensure quality of service
provided. Community organizations are found to increase self-sufficiency and self-governance often
more efficient than utilities mired in bureaucracy. This also generates jobs within the community such
as fee collection and system servicing opportunities as O&M technician roles [37].
The main challenge facing this model is that local communities lack the technical prowess of system
design, installation and maintenance which often would result in pre-mature system failures. These
activities must possibly be contracted to private sector organizations or Independent Power Producers
(IPP’s) with apt knowledge on these fronts, who are able to consequently hand over the system
management to the locals with a well implemented business structure. This constitutes a hybrid
model. The most important job from the organizations perspective following system handover is to
educate the local people on the required technical skills to maintain the system and assign reliable
persons in charge of collecting monthly fees and administering periodic system maintenance activities.
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The other possible option is to have the entire system provided by a local IPP on a build-own-operate
(BOO) basis given their investment capacity. The prime advantage here is that a local operative
oversees the whole system who can provide electricity more efficiently having the added technical
and social ability to address urgent problems and replacement issues. A local IPP would have a local
interest in providing electric services to their area and an added motivation to their involvement given
the benefits of a good business plan. The most important factors to consider here is the provision of
grants or subsidy schemes to both generate interest from the local private sector and maintain
affordable tariffs. Subsidy can be output based or provided directly on the CapEx. Both options are
considered in the financial results section to observe which type of subsidy is more economically
beneficial.

5.3.5. Chapter summary
All information pertaining to system design and governance are discussed in this section. A detailed
technical and financial modelling using Homer and RETscreen software is provided with explained
rationale behind each input value provided. Further, some institutional setup options are provided
weighed with the pros and cons for each model. The suitable models for this project are found to be
a hybrid-community model or a private sector model.
The most suitable system option is obtained in the following section as the system with least LCOE,
possible financial recommendations are made in the form of Government. subsidy and CE credits to
support the system uptake.
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Results and analysis

6.1. Technical data
This section provides Homer output simulation results for each scenario. The winning system option
is presented with values for each system component. This is shown in Figure 31. Figure 32 shows the
overall simulation results for the conservative scenario.
Conservative Scenario

Figure 31 - Conservative scenario search space
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Figure 32 – Conservative scenario simulation results

The winning options as seen from Figure 32 constitute a 5/6kW PV system, a 2kW converter, 24kWh
(12*2V*1000Ah) batteries and a 2 KVA backup diesel generator. PV system of 5 and 6kW options have
similar LCOE obtained ~$0.39/kWh, however as the 6kW system allows for more renewable
penetration (3% more) and less diesel fuel usage (95L less), the 6kW PV array option is considered the
winner here. (The effect of a 7kW PV system was also simulated to consider the possibility of having
higher renewable penetration, however the LCOE for the option was >$0.4/kWh).
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Diesel Only Option
The same simulation is run considering a diesel only supply system with generator sizes ranging from
2 – 5kVA. The outputs are noted as below in Figure 33 and 34.

Figure 33 – Diesel Only option search space

Figure 34 – Simulation results for diesel only system

It is still found that a 2kVA system is best suited to meet above load requirements (because of max
peak load which is 2kW). It is seen that although CapEx is found to be much smaller for the diesel-only
system, the LCOE is more than twice that of the hybrid option presented at ~$1.1/kWh. Diesel fuel
that would be required is almost 18 times more than the hybrid solution.
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This is shows that reliance on diesel fuel for energy generation is very expensive in the long term. A
100% diesel mini-grid is also less autonomous as fuel availability cannot be assured. For developing
successful off-grid projects, a long-term investment perspective is necessary and in this sense, a hybrid
mini-grid proves much more beneficial, socially, economically and environmentally. A renewable minigrid hence represents the optimum least-cost solutions for rural locations where it is difficult and
expensive to distribute fuel resources.
Growth Scenario
Similar system options are presented for the growth scenario below in Figures 35 and 36.

Figure 35 – Growth scenario search space
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Figure 36 – Growth scenario simulation result

From figures above, the system option winner consists of a 20kW PV array, an 8kW converter, a
120kWh (2500Ah*2V*24) battery system, and a 10kVA backup diesel genset. Battery life estimated is
around 15 years, allowing for a 2-day autonomy. The LCOE obtained is similar to the conservative
scenario at ~$0.39/kWh. Achievable renewable fraction is 91%.
Diesel Only-Option

Figure 37 – Growth scenario diesel only option results

Outcome for the diesel only option is as expected, similar to the previous option, only in this case
the LCOE is even higher. The same system requires around 15 times more fuel than the hybrid
option.
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Section Summary
Findings on technical results for both scenarios are summarized in Table 18:
Table 18 - Summary of findings

6.2. Financial information/data
The section provides information on required CapEx and OpEx for the least cost options. Costs for
replacement of equipment such as inverters, batteries and diesel gensets are also discussed. Tariff
rates are estimated using the best option LCOE and applying a suitable margin. This forms the annual
savings component of the project. These inputs are fed in to RETScreen to obtain the base project
criterion of 15% IRR. If the criterion is not met with these inputs, some finance options are considered
to achieve this target. Such as direct Government. grants/subsidy or in the form of clean energy
production credits for every unit generated by the supply system. Values are tweaked on both sides
to see which mechanism is superior, this is done by comparing the NPV at varying amounts for each
option keeping 15% IRR as the base target. Option with the higher NPV is taken as the ideal mechanism
for the project.
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Financial parameters for both scenarios are presented in Table 19:
Table 19 – RETScreen inputs for financial parameters

Input Parameters
CapEx ($)
OpEx ($/year)
Fuel Cost ($/year)

Conservative Scenario Growth Scenario
16,000
63,360
197
777
191
1077
Replacement Costs
Inverter ($) (year 15)
200
800
Battery ($) (year 10/15)
2563
5771
Generator ($)
No replacement needed
LCOE
Tariff with Margin ($/kWh)
0.5

It is interesting to note that battery replacement costs are quite high for the conservative scenario,
this is because the 2kWh batteries need to be replaced twice in contrast to the growth scenario where
replacement is only required once. This is owing to the higher life cycle capacity of the 5kWh batteries.
RETScreen outputs

Figure 38 -Conservative scenario RETScreen outputs
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After inputting above financial values into appropriate fields in RETScreen under the cost analysis
section, the output is examined under financial analysis screen. Above screenshot in Figure 40 shows
the RETscreen cost inputs and outputs for the conservative scenario, annual income is $2,758 for
producing an equivalent of 5MWh of energy (14kWh*365). Initially no finance option is considered.
The project also ignores inflation rates and fuel cost escalation.

Figure 39 Conservative scenario financial viability

Financial viability parameters as obtained in Figure 41 shows that IRR does not meet the project
criterion of 15% with the given conditions. A net positive NPV is noted with payback periods just over
7 years. Yearly cash flows are presented in Figure 42 -

Figure 40 – Conservative option Yearly cash flows
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The dip in cash flows observed in years 10 and 20 portray the battery replacement costs.
To obtain 15% IRR, various values for grants and CE production are considered tabulated below in
Table 20.
Table 20 - Options for 15% IRR

Options for
15% IRR
Conservative
scenario

Government.
Grant ($)
3,250
2437.5
1625
812.5

Options for
15% IRR
Growth
scenario

Government.
Grant ($)
15,000
11250
7500
3750

CE credit for 10
years ($/kWh)
0.12
0.03
0.06
0.09
CE credit for 10
years ($/kWh)
0.15
0.04
0.08
0.11

NPV ($)
9,526
11,134
9,948
10,368
10,789
NPV ($)
37,862
44,585
39,905
41,224
42,904

SPP (years)
Under 6 years

SPP (years)
Under 6 years

For both scenarios, it is observed that providing production incentives for clean energy credits results
with relatively higher NPV values. Clean energy production credits further incentivize the operator to
maintain the system and ensure supply availability and quality as it forms a crucial part of the project
revenue stream. This is as opposed to Government. subsidies which represent an immediate sink in
capital. However, this also means that investors must be capable to fund large sums of capital for the
project. These options thus provide investors the flexibility to make decisions based on their level of
funding capacity. It could be purely grants or CE credits, or a combination of both as seen above.
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6.3. Remittance setup
The main issue concerning sustainability and survivability of rural off-grid projects is the ‘tragedy of
commons’ situation, particularly if there are no proper safeguard measures put in place to limit and
monitor household consumption [37]. Social conflicts arising from such situations must be addressed
through economic and sociological approaches. In short, appropriate tariff structures are required to
prevent abuse of system and avoid collective failure. The section provides options on possible
remittance methods to ensure free cash flows from the customers of the off-grid system. Several
options are discussed in relation to tariff structure and how customers should be charged for partaking
in the services provided by the supply system. The options are built on top of lessons learnt from
similar off-grid projects undertaken by organizations such as USAID, EU and UN, and following their
recommendations on best practices surrounding rural projects.
To build the ideal remittance structure, it is very important to involve the local community as early
and as much as possible to sufficiently cater to their needs with respect to their willingness to pay for
electricity services. The tariff structure must be reflective of community affordability. For instance,
from literature it is found that national average wage figures are around $10-15/month, it is also found
from figure 5 many households are willing to spend around $7 a month on DC batteries or equivalent
for lighting purposes, the implemented tariff structure must be able to accommodate these
requirements while at the same time also display economically viability to attract private investment.
According to studies and lessons learnt from various rural mini-grid projects it was found that binding
contracts are required to secure system operation and local involvement [38]. Monthly flat-fee tariffs
with different categories are probably the most effective way to do this. This way even less wealthy
users can consume their share of energy without having to expend too much for using the service.
This is accomplished by implementing pre-payment meters at every connection point and forming an
effective revenue collection strategy. The solution is as recommended by USAID after their community
development pilot project experiences in Liberia. It is suggested that pre-payment meters have helped
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customers to effectively control consumption and expenditure to suit their budget [18]. Based on this
information, the best possible approach is to follow an Estimated Daily Allowance (EDA) structure to
construct effective repayment strategies.
EDA stands for estimated daily allowance and provides the daily electricity allowance that is accessible
to each household based on their consumption category. Traditionally users are made to pay for each
kWh consumed, but here kWh is limited due to resource intermittency as in using an RE system. Hence
users pay for availability and not consumed energy. A programmed energy meter and dispenser is
used to carry applicable EDA amounts to each connection point. This is to ensure most optimum
consumption with the available resource distribution and demand patterns, hence preventing cases
of power over drawing from the supply system [39]. The daily applicable charges for each connection
point is based off the LCOE obtained for each system scenario. Lower tiers are assigned cheapest rates
marginally increasing with successive tiers.

Tier-Wise Monthly Tariff
200
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160

$/month
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Monthly Tariff ($)
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23
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Figure 41 – Tier Wise monthly tariff

In context of the project, the tariff set is at 50cents/kWh. This implies that the lowest consumer
categories who potentially earn under $10/month would pay around $5-$8/month for electricity. The
current tariff would have them pay more than half their monthly earnings just on electricity leaving
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no room for any other expenditure such as for cooking etc. Therefore, an incremental tariff setup
starting at 0.3cents is considered with a 5cent increment across each tier. The structure is designed in
a way that makes the system affordable to even the least wealthy. Under this system majority of the
villagers (over 70%) would expend a lesser amount than with DC batteries or kerosene lamps paying
around $3 and $6.

6.4. Sensitivity analysis
This section examines how sensitive the project financial parameters are with respect to various
input factors. Sensitivity analysis is performed on four main input factors –
1. Equipment Costs
2. Renewable energy penetration
3. Discount Rate
4. Future load growth in terms of excess diesel required
Equipment Costs
Significance
The sensitivity is performed as a function of LCOE and increased funding requirements. Analysis on
increased equipment costs is significant when transporting equipment to remote areas with poor road
access or limited transport infrastructure. This is the case especially during rainy seasons when most
roads are non-traversable. Reported project costs to these areas from experience were found to be
15% more than national averages. The increase in project equipment costs (15%) is input in Homer
and the simulation is run, the resulting LCOE is noted.
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Simulation Results
It is found that LCOE increased to $0.44/kWh indicating a 13% increase from base values. Since
increased LCOE affects tariff margin rates and therefore the charged tariff itself, it compromises on
consumer affordability with the given economic constraints, hence the additional burden is assumed
as investor responsibility or Government. grant funding to make up for the additional project costs.
With the noted increase in LCOE, it was found that a 75% increase in funding requirements is necessary
for the project. This is a huge amount to pay from an investor perspective, hence equipment costs are
found to be quite a sensitive area for the project. From these findings, it is recommended to ensure
project costs as close to base values as possible.
Renewable energy penetration
Significance
This factor is measured with respect to additional fuel required per % drop in renewable energy
penetration of supply system. This is modelled in Homer keeping the project costs and equipment
sizes constant, and increasing the daily loads to create the required effect of dropping renewable
penetration. This way, the excess amount of fuel required per % drop in RE penetration can be
calculated This factor lays out the importance of aptly sizing the RE system to meet current and future
load requirements and minimizing fuel reliance.
Simulation Results
It is found upon simulation that an excess of 165L of diesel is required to make up for every % drop in
RE penetration. This represents an 8.3% increase in funding requirements.
RE penetration is therefore another sensitive area given that with just a 10% penetration drop, almost
twice the amount funding is necessary. Hence it shows that the supply system must be designed to
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provide maximum RE. In this regard, it seems like a safe bet to incorporate predicted energy demand
growth in the system model.
Discount Rate
Significance
The project assumes a 6% discount rate, all future cash flows, both costs and benefits are based on
this value. This parameter is especially relevant for projects occurring over a long-time period. It is
therefore essential to evaluate the effects of different discount rates on the projects financial
parameters and hence its viability itself.
The monitored parameter in question is NPV. Discount rates above 6% are considered until NPV is
less than 0. This effectively means that the project makes no financial sense, and project planning
must be aborted if discount rates are chosen outside these limits.
Simulation Results
Project simulation is run using RETScreen with discount rate values above 6%. It is found that NPV is
less than 0 at a 15% discount rate. Hence the project must select discount rates <15% to ensure net
benefits over the project lifetime.
Future Load Growth
Significance
World Bank and UN studies conclude that yearly energy demand grows in proportion with economic
growth in the region. With the implemented supply system, it is predicted that settlements will create
more opportunities to generate income and increase economic activity [11,12,40]. The growth
scenario already accounts for the population increase, but not necessarily for demand increase due
to economic growth. Local studies have indicated that growth in Liberia is projected at 2.34% per
annum [12]. In 10 years this represents an additional 30% increase in energy demand and supply
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capacity. The base system does not account for this growth as it may be too risky to have an
underutilized system, this symbolizes a wastage in funds and resources. Hence the additional capacity
is thought to be fulfilled by the existing diesel genset in additional fuel required to accommodate this
growth. Increase in load growth % is first determined over a 20-year period. Values for 30% to 100%
of current demand is simulated and LCOE is noted. The additional funding requirements for each
scenario is modelled in RETScreen.

Simulation Results
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Figure 42 – Load growth vs. LCOE increase

From Figure 44, it is found that LCOE increase is more pronounced between 35 to 60% increase in load
growth. This is found to occur around the 10-15-year period. It is therefore recommended that an
audit on energy consumption be conducted around this time to possibly acquire more RE capacity to
decrease dependence on diesel fuel.
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6.5. Summary
The project is found to be sensitive in areas relating to equipment costs and RE penetration. A system
expansion is suggested around the 10-year mark due to increased economic growth and excess
demand on the supply system. Investors are recommended to be wary around these project factors.

7. Assessment of business case for Project investors
From the results and analysis section, it is found that the project is economically viable for project offtakers given the presence of incentive schemes from the GoL or other Clean Energy financing bodies
such as CER. The most economical option from a finance perspective is from contracting a 10-year CE
scheme agreement that would payback in under 6 years. This pathway on the other hand, would also
require significant capital investment. For IPP’s, Government. subsides is better suited to enable
finance given the low capital availability of local IPP’s. Granted, the study shows that RE systems are
much more economical in the long term which is a message to urge current IPP’s to switch from diesel
based generation to RE using solar and batteries.
This study is also a message to the Liberian Government. and other lender organizations to suggest
that substantial aid is required to fund mini-grid RE projects in Liberia to fulfil he Master plan goals by
2030.
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8. Limitations and future recommendations
This section details all the limitations and any future recommendations to add more value and
meaning to the project.
Data Limitations
A large part of the Liberia census data pertaining to housing and population suffered a massive loss
during the civil war (between 1984 and 2008), hence the data is not the best indicator of existing
conditions in villages. The data presented here is therefore only a derivative of the census remnants
that was compiled together in 2009 serving a baseline for future comparisons.
Further, productive and Industrial sites are not taken into consideration as reliable data points were
not available, it is also not clear as to which sites would rely on power from national grid vs dedicated
on-site systems as a large portion of businesses are often found better relying on diesel gensets than
the existing grid. Markets and commercial centres are also omitted due to reliability concerns with
age and accuracy of existing data.
It is further worth mentioning that the assumption for household consumption in rural Liberian
settlements is established utilizing data from a very small sample size of villages in Lofa county. In
reality, more data points are required to represent each village in their respective conditions and
demands. However, given that this was the only accessible proof of consumption data available, it is
used in the supply system modelling and demand determination purposes. Therefore, it must be
noted that actual figures may vary and differ from what is obtained here. The same limitations also
affect equipment costs in Liberia. Costs relating to grid infrastructure transmission and distribution is
omitted in the current study due to data availability issues. Costs relating to equipment were obtained
through personal communications with Sunlabob Renewable Energy Ltd, given that grid
implementation was outside the scope of their project, related infrastructure costs could not be
obtained. It is recommended that this component be included for future project undertakings as it
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affects amount of investment required from an investor perspective. This could also be a separate
study as power transmission and distribution is independent of generation technology.
Equipment recommendations
Charge controllers are worth mentioning in the system design despite Homer not having provision
for its incorporation. Controllers are necessary to monitor and control the flow of charge from the
PV system into batteries and make sure that the batteries always maintain the required DoD. Charge
controller is also important to protect against overvoltage which can reduce the life span of batteries
and pose a safety risk. The number of charge controllers required is proportional to the number of
parallel PV strings and their output.
The option for a fuel save controller is also a potential area of research to study the effect of fuel
savings on the system. This gives the option to control and maintain high solar penetration levels,
but at the same time optimize generator output based on solar levels. This gives the system the
freedom to choose the source of generation without having to manually switch on different
equipment [30].
Institutional Subsidies
From the tariff structure obtained in [], it is seen that institutional costs are much higher owing to the
higher tiers they are associated with. This becomes a serious social and health issue if the institution
happens to provide for public welfare (health clinics and schools) and cannot afford the higher costs
to run the facility. It is therefore recommended to support lower costs for such institutions.
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9. Conclusion
The study has found that an off- PV/hybrid grid system can be facilitated in rural Liberia, in both a
technical and an economic sense. The least cost technical option is identified as a PV/battery hybrid
system with a back-up diesel generator with an LCOE at $0.39/kWh. The option is also found to be
financially viable with a simple payback period of under 6 years given appropriate funding mechanism
s- through either a $15,000 Government. subsidy or a 10-year CE credit scheme at $0.15/kWh. The
developed remittance model is also found to suitably befit consumer affordability in relation to rural
Liberian settlements with a majority paying under $10/month. Thus, the study has been found to
address all the main challenges the project initially set out for, i.e. a proof of technological and
economic concept- provided using Homer and RETScreen which shows that settlement demands can
be adequality met and quickly paid-off using an off-grid PV system. The benefits of using an RE system
over diesel is also established apparent with higher LCOE rates occurring with diesel systems.
Consumer willingness to pay is addressed through specifically designing the supply system to appeal
to consumer expectations as done using the demand survey. Finally, an adequate remittance setup is
formed to ensure that electricity services can be enjoyed by everyone in the settlement regardless of
their financial background or situation. Given these conditions, it is seen that the current proposition
looks very attractive and holds much promise for private investors, IPP’s and the GoL.
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Appendices

Section 1
Table 21- Data For 5- year solar insolation levels in Monrovia

Month
Insolation in 2002 insolation in 2007 Average 5-year insolation
January
5.39
5.4
5.4
February
5.75
5.9
5.9
March
5.63
5.9
5.8
April
5.44
5.5
5.5
May
4.96
4.85
5
June
4.15
4.2
4.2
July
3.94
4.15
4.1
August
3.84
3.9
3.9
September
4.11
4.4
4.3
October
4.65
4.9
4.8
November
4.75
5
4.9
December
5.02
5.1
5.1

Section 2
Table 22 – Monitored Parameter values for each Village

Village
Nyengbalum

Daytime
Evening Nightime
Daily Average per Peaks
Peak/Conn
(kW)
(KW)
(KW)
connection (kWh) (kW)
0.005
0.011
0.008
0.17
1.3
0.020

Mamikonedu

0.004

0.018

0.012

0.23

4.5

0.033

Koyama

0.003

0.018

0.013

0.23

3.5

0.036

Taninhaum
Average
64 connections

0.004
0.004
0.248

0.017
0.016
1.013

0.011
0.011
0.720

0.21
0.209
10.400

4

0.040
0.032
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Section 3
Table 23 - Predicted Household consumption patterns and appliance use

Profile
1
2

3

4

Consumption Tier Load Type and appliances Watts
(Max Wh/day)
275
Lights
15
Phone Charger
2
550
Lights
15
Phone Charger
2
Radio/fans
25
1100
Lights
15
Phone Charger
2
Radio/fan
25
TV
65
1650
Lights
15
Phone Charger
2
Radio/fan
25
TV
65
Refrigerator
30

Duration Number in use
(Hours)
4
3
2
2
4
5
2
2
6
1
5
5
2
2
10
1
4
1
5
5
2
2
10
1
4
1
24
1

Table 24 - Institutional Load consumption details

Tier (Wh)

Load Type

2200

Community Centre/Small Businesses

2750

School – 100kWh/year

3300

Large Business ~ 144kWh/month (World Bank
estimates)

4400

Health Clinic - 1600kWh/Year (USAID estimates)

8800

840W Water Pump
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