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Globally, refugee numbers have reached unprecedented levels, with the average length of protracted 

refugee situations now 26 years. UNHCR is seeking solutions for refugee water supply with low long-

term operational costs and reduced environmental impact. Solar PV energy provides the ideal solution to 

efficiently power water pumps in remote locations with high solar irradiation. This paper describes 

valuable learning from a solar PV diesel hybrid water pumping system installed at Nyarugusu refugee 

camp in Tanzania, and analyses economic and environmental benefits. A sustainability assessment 

framework is developed to optimise performance, derive local future fuel price projections, and apply 

life-cycle environmental impact to simulated generation scenarios. Results show fuel combustion as the 

dominant recurring component of cost and impact, while the embedded impact of module and inverter 

manufacture was also significant. Hybrid scenarios provided economic, energy and CO2e emissions 

payback in 5 years; and a hybrid with a 20% oversized PV array provided 45% lower discounted 

levelised cost of electricity (LCOE) and impact than a diesel generator. The success of this sustainability 

assessment framework supported further analysis to determine the marginal cost of oversized PV arrays, 

and to quantify the value of surplus energy. 

 

 

Introduction 
Conflict resulting in forced displacement has reached the unprecedented level of 65.3 million people and the 

average timespan of a protracted refugee situation is now 26 years (UNHCR, 2016). This is placing 

increasing resource pressure on host countries and humanitarian agencies. Therefore UNHCR is seeking 

solutions for refugee water supply with lower long-term operational costs and reduced environmental 

impact. In remote refugee camp locations UNHCR has usually supplied water using electric pumps powered 

by diesel generators. Although this is a low capital cost and rapidly deployable solution, fuel access and 

transportation can become expensive and logistically challenging, and fuel consumption has not been 

optimised because generators are sized for high pump start-up loads. Recent analysis has shown that many 

‘off grid’ refugee camp locations relying on diesel-powered generators are in areas with high solar 

irradiation (IRENA, 2016). UNHCR is therefore promoting increased use of solar PV as an energy source 

for water pumping within refugee operations. This paper describes valuable learning from a solar PV diesel 

hybrid water pumping system at Nyarugusu refugee camp in Tanzania, and analyses economic and 

environmental benefits. 

 

Background 
Borehole 4 (BH4) at Nyarugusu Camp was established in 2015 with a 26kW multi-stage centrifugal pump 

(pump 2) supplying four elevated tanks and a water truck filling facility against a total dynamic design head 

(TDH) of 110m. The pump was powered by a 85kVA diesel generator, then a 54kWp solar PV array was 

commissioned in May 2016, using 207x 260Wp poly-crystalline modules at a 15 degree tilt, north facing, 

with a new 33kW pump (pump 1). The solar PV system was sized using average annual irradiation to 
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provide an average 59% of daily demand, with the system programmed to generate energy only once a 200 

W/m
2
 irradiation threshold was reached. The generator was retained to produce water outside solar hours. 

 

Objectives 
This research considers the environmental impact of equipment manufacture, freight and operation, the 

effect of future price trends on discounted whole-of-life costs, and system design and optimisation. The 

objectives are to: 1) study the Nyarugusu solar installation and reconcile the energy generation profile with 

service delivery needs; 2) develop an assessment framework to evaluate the technical, economic, and 

environmental considerations of generation scenarios. The valuing of surplus energy, and utilisation to 

support wider social opportunities is outlined in a separate paper (Harkness, Guthrie & Burt, see paper 

2623). 

 

Literature review – solar PV technology and life cycle parameters 
Solar PV is a mature renewal energy generation technology, and with module manufacturers now achieving 

conversion efficiencies above 21% (SunPower, 2016); and the energy density per unit area can be orders of 

magnitude higher than other RE technologies (Mackay, 2009). 

A literature review was undertaken to identify system design best practice and life cycle parameters. 

 

Pump optimisation 
Solar PV pump controllers change AC output frequency in response to daily energy fluctuations, and since 

bore pumps are often in deep aquifers, the static head is often the dominant component of TDH. This means 

the Affinity Laws for multi-stage centrifugal pumps are no longer accurate (Elgendy et al., 2010), and 

performance and efficiency variations require careful consideration during system design. 

 

Optimal module tilt 
Tracking has been shown to increase energy levels by as much as 24% (Vilela et al., 2003), but the cost, 

technical complexity, and additional land area required would not be viable in a remote refugee camp 

location. Studies suggest the highest gain is through manual seasonal tilt adjustments (4%), while only 1-2% 

gain is achieved by monthly or daily adjustments (see Yakup and Malik, 2001 for instance). 

 

Module maintenance 
Studies also demonstrate that modules should be inclined to allow rain runoff and should be regularly 

cleaned to minimise the de-rating effects of dust. In one study, red soil deposits reduced output by 21% for 

every gram
 
of dust/m

2
 (Kaldellis et al., 2011). 

 

Life cycle assessment of solar PV modules 
Greenhouse Gas emissions (represented as CO2e) are primarily from the manufacture of modules and 

inverter, and the Balance of System (e.g., transformers, cabling, structural supports) is typically a small 

portion (see Fthenakis and Kim, 2007). 

 

System life and reliability 
Solar PV systems typically provide a 20-30 year lifespan, and inverters 10-15 years. Some module 

manufacturers guarantee a linear performance decline per year or a per cent output at expected life, while 

one study suggests rapid degradation of 1% to 3% in the first year, followed by a steady decline of 0.5% to 

1% per year (Va ́zquez and Rey-Stolle, 2008). 

 

Methodology 
Nyarugusu was visited in June 2016, and tank volumes, fuel delivery and operator logs, distribution 

network, and daily water production flow data was verified, as well as the solar array and equipment 

specifications. Although no network branch flow data was available, a production balance was achieved by 

matching operator logs within the measured daily water production as demonstrated in Figure 1 and an excel 

model was developed as the initial stage of the assessment framework; the Net Energy model (neτe). 

Electrical energy (kWh.elec) – arguably, the dominant energy carrier in a post-carbon context - was 

determined the most appropriate unit to reconcile energy generation with production. Pump manufacturer 
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system curves varied, so performance curves shown in Figure 3 were derived by extracting fixed speed 

performance data from manufacturer software at regular flow increments, plotted against input power. Fuel 

consumption (L/kWh.elec) was derived from manufacturer literature and plotted with generator electrical 

efficiency, against % rated electrical load to evaluate performance against the best operating point (BEP). A 

detailed analysis of solar irradiation and energy generation data is outlined in a separate paper (Harkness, 

Guthrie & Burt, paper 2623). Generator purchase, freight, commissioning and maintenance costs were 

obtained from local suppliers and a grid connection cost of $10,000/mile (USAID, 2009) and a local tariff of 

$0.13/kWh (TANESCO, 2016) were incorporated into the model. 

 

 

Figure 1. Typical production balance (neτe) 
 

 

The Nyarugusu installation price/kWp was used to provide solar PV costs. PV maintenance of 

$12.30USD/MWh/year or 1.2% of system cost/year allowed for cleaning, operator incentives, and annual 

replacement costs toward the 10-year inverter life. Historic local retail fuel prices were contrasted with 

global crude prices, then UK Department of Energy and Climate Change (DECC, 2015) Fossil Fuel Price 

Projections were applied to local prices to generate High (HPP), Central (CPP) and Low (LPP) projections 

for Net Present Value (NPV) calculations, as outlined in Figure 2. 

 

 

Figure 2. Historic and derived Fuel Price Projections (LPP, CPP, HPP) 
 

 

The levelised cost of electricity (LCOE) was calculated from a documented 11% bank return rate, 5.6% 

general inflation rate and 7.0% energy inflation rate. Discounted economic payback was determined by 

calculating cumulative life cycle cost savings between the two solar PV hybrid scenarios (B) and (C), and a 

diesel-only scenario (A), for both 𝑛=17 years (former average displacement) and 𝑛=25 years (the expected 

module life). Embodied CO2e and energy data (excluding end of life) was derived from published Life 

Cycle Assessment (LCA) literature and applied to key components, generators, PV modules and inverters, 

and steel structures; while UK fuel CO2e data covering combustion, transportation of fuel and equipment 

was also used for comparison (DECC, 2016). CO2e payback for hybrids was calculated using the net annual 
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CO2e savings on the embodied CO2e; energy payback was calculated using the net annual energy return on 

the embodied energy. All economic and impact parameters were embedded in the (neτe) model. Scenarios 

for the BH4 system are outlined in Table 1, with operational enhancements made to optimise delivery of the 

average daily demand. Scenario (D) includes 20% diesel generator backup due to Africa’s regular grid 

supply interruptions (World Bank, 2016). 

 

Results / discussion 
Without tank inlet / outlet flow or pump pressure data, the instantaneous network dynamics were not known, 

so a volumetric approach was taken to achieve a balance. Although pump performance will vary slightly 

with changes in discharge pressure, in practice, the operators follow a coordinated schedule to allow each 

individual tank to fill within a relatively short timeframe, so where operator logs showed overlapping fill 

schedules, a tank ‘fill priority’ logic was included in the model to increase fill rates to closer, less 

hydraulically restricted tanks. Records verified performance of the 85kVA generator and pump 2. 

Fuel requisitions and delivery logs indicate a regular consumption of 135 l/day, but this is 18% higher 

than manufacturer specifications and suggests further scrutiny in the fuel supply chain would result in 

savings. 

 

Table 1. Scenario summary 

Scenario detail 
(A) 

BH4 historic 
Pump 2 

(B) 
BH4 current 

Pump 2 

(C) 
Hybrid 
Pump 1 

(D) 
Grid 

Pump 2 

Generator size / run time (hours) 
85kVA / 
12:00 

85kVA / 
6:00 

60kVA / 
5:00 

60kVA / 
2:40 

Solar PV system capacity n/a 54kWp 65kWp (+20%) n/a 

% Average daily PV or grid production 0% 58% 65% 78% 

Average total daily generated energy (kWh) 362 423 457 362 

Total annual solar PV energy (kWh.elec/y) - 88,384 106,708 - 

Total annual surplus energy (kWh.elec/y) - 3,338 7,600 - 

 

Scenario B 
 

Initial upgrade observations 
Initial solar PV production averaged 14% lower and fuel consumption 11% higher than expected, but 

despite this, the reduced diesel generator production could provide fuel savings of 30 l/day. Although actual 

fuel costs to UNHCR appeared to be higher than expected and are as yet unexplained, in the interest of 

accurate comparison, the load-derived fuel consumption from manufacturer literature was used for scenario 

analysis. 

 

Potential performance enhancements 
Firstly, by selecting the lowest output month instead of average month, a larger, 62kWp system was 

recommended, and analysis suggested an annual energy increase of 13%, while November (lowest) and July 

(highest) both showed a 16% daily energy increase (Lorentz, 2016). Secondly, the existing 54kWp array 

was trialed using the SolarGiS recommended optimum tilt of 9 degrees, and this suggested a 5% daily 

energy increase for November (SolarGiS, 2016). Thirdly, analysis showed that pump 1 operated for more 

than 60% of typical run hours at high power levels and 15% of hours at the maximum system power of 33 

kW, above the most efficient range as indicated in Figure 3. By contrast, pump 2 provided slightly increased 

flow and appeared to be most efficient at high power levels. The existing 85kVA generator appeared to be 

sized for a traditional star-delta pump start configuration (2.6x pump capacity), however with the integral 

variable speed drive (VSD) now installed, a smaller generator could be installed, and fuel savings of at least 

8% could be possible. 
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Figure 3. Constant head pump performance, 54kWp PV system 
 

 

Scenario results 
All scenarios were constrained by a flow limit of 62m

3
/h - the estimated safe bore yield - so it was not 

practical to model a solar PV only scenario, nor to expect the required daily demand to be met during solar 

hours. Although the PV system in (C) is 20% larger than (B), it is worth noting note that the increased power 

demand of pump 1 (lower efficiency) reduced the energy gain to only 11%. 

 

Economic 
Due to the remote location, (D) is considered an outlier due to the cost of installation (despite a low tariff), 

and cumulative savings on (A) would only payback in 15 years at HPP, or 25 years at LPP. It was identified 

that the capital cost could be shared by extending the grid to the host community. 

Fuel cost for (A) and (C) averaged 70-85% of annual operating costs over 17Y and 25Y, but reduced fuel 

consumption for (C) provided the lowest 25Y LCOE of all scenarios – as indicated in Figure 4. The 

marginally higher capital cost of the oversized PV system (C) was only noticeable under LPP; otherwise 

payback was comparable with (B). LCOE differences for (B) and (C) at 17Y or 15Y were not significant. 

 

 

Figure 4. Capital cost, fuel consumption and 25Y LCOE 
 

 

Results indicated in Figure 4 show that increased capital investment in solar PV leads to lower 25Y 

LCOE, reduced daily fuel consumption and reduced exposure to potential HPP. 

 

Impact 
Of total diesel emissions, fuel combustion contributed 97%, freight <3%, and engine/generator manufacture 

<0.5% when spread over a typical 40,000 hour life. The annual energy input for (A) is 20 times the 

embodied energy; annual CO2e combustion emissions are 900 times the embodied CO2e. 

Module and inverter manufacture accounted for 91% of PV emissions; the steel structure manufacture, 

7%, and 2% was generated by sea and land freight. Embodied CO2e for (C) was 21% higher due to the 

number of modules, but this made little difference due to an increase in generated energy. The annual impact 
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of (A) was more than twice (C), and PV investments were shown to be worthwhile from an environmental 

perspective, resulting in rapid CO2e and energy payback – as indicated in Table 2. 

 

Table 2. Impact results 

Scenario (A) (B) (C) (D) 

Diesel / solar PV impact 
(gCO2e/kWh.elec) 

1,010 / 
0 

1,010 / 
72 

873 / 
72 

958 / 
0 

Annual diesel impact (kgCO2e/y) 133,492 66,746 (91%) 52,576 (87%) - 

Annual solar PV impact (kgCO2e/y) - 6,362 (9%) 7,681 (13%) - 

Total annual impact (kgCO2e/y) 133,492 73,108 60,257 No grid data 

CO2e / energy payback (relative to 
A) - 2.5 / 5.0 years 2.5 / 5.2 years - 

 

Conclusions 
 The neτe assessment framework was successfully built in excel to consider whole-of-life costs and 

electrical energy (kWh.elec) was chosen as the most appropriate energy unit to assess sustainability. 

 The design of solar PV systems can be best achieved by: monitoring network performance; determining 

array size and tilt using the lowest solar month and regular cleaning; and by careful pump selection. 

 VSDs can reduce generator size and fuel consumption, but start-up loads prevent sizing for BEP. 

 Utilising localised economic and impact rates provided useful results, and the mapping of global future 

projections onto local prices provided a useful sensitivity analysis. 

 Fuel was the largest recurring cost in hybrids, so FPPs are critical in sustainable investment decisions. 

 A strong case was made for capital investment in solar PV – particularly as discounted payback was less 

than 5 years, and exposure to potential HPP was reduced. 

 Emissions from PV and ancillary equipment manufacture and freight were insignificant when compared 

to the emissions embedded in modules and inverter manufacture; and even less significant for diesel 

generators when compared to the life-cycle combustion of diesel fuel. 

 A hybrid scenario with a 20% over-sized PV array provided 45% lower LCOE and annual impact than 

the diesel-only scenario; a more sustainable solution with reduced dependence on external resource. 
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