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ABSTRACT

Insufficient available energy has limited the eawmim growth of Nigeria. The country suffers from dreent
power outages, and inconvenient black—outs whikdests and industries are forced to depend on self
generated electricity. Life-cycle assessment meilogy was used to assess the environmental burdens
associated with self-generated electricity (SGH) proposed embedded power generation in Nigeria.stidy
shows that SGE from 5 kVA diesel generators coutég to greenhouse gas (GHG) emissions of 16250g C
eg./MWh, along with other environmental burdenssé&hon a point estimate of diesel electric genesato
Nigeria, SGE can contribute 389 million tonnes ,Gf9. to climate change every year. This can repaosit
Nigeria as one of the top 20 emitters of globally. A mandatory diesel fuel displacementhwitatropha
biodiesel can reduce annual GHG emissions from $¢H6% provided combined cycle power plants are
adopted for embedded power generation. The magniatithese benefits would depend on material inmesd
yield as well as the environmental status of thieremce fuel. Minimal use of fertilizers, chemicaad

resources and fossil fuel substitution with rendeaiptions can minimize adverse environmental busde

Keywords:Jatropha curcas, independent power generation, gas turbines, ldégggnes, environmental impact

assessment
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1. INTRODUCTION

As part of the MINT (Mexico, Indonesia, Nigeria andrkey) countries, Nigeria is expected to emegerz of the
world’s economic giants by 2050, as a result of tagid population growth and economic activitie$. [Lhis
projection can position Nigeria to be the third tespulous country in the world [2], with the corys economy
comparable to France, Germany and the United Kingdbhe projected economic growth, however, canmot b

achieved under Nigeria’s current energy realities.

There is a large imbalance between energy demadicsapply in Nigeria. Out of the 14 GW nominal ilistd
capacity of power-generating plants in 2014, thtghést peak electricity ever recorded was 4.5 GWTA]s leaves
the country’s electricity supply rate at below 40%o the installed nominal capacity while energy dathas
projected at about 40 GW in 2015 [3]. This energfiaiency has reduced energy access throughoutdhatry.
Nearly 75% of the rural population is estimatedh&we no access to grid electricity. The rural pafioh is forced
to depend on fuel wood consumption as the primanyce of energy [4]. Those with access to gridteldty suffer
from severe power-outages, epileptic power-suppbesl persistent black-outs. The residents in thearr
population and industries are compelled to dependeif-generated electricity using diesel and gasaéngines.

Therefore, energy shortage is one of Nigeria'stgsgt@conomic bane.

Based on recent surveys, 25.7% of Nigerian houdshwve generators [5], while 70.7% businessesarnsghare a
generator and this contributes to 60% of businés$estricity consumption in Nigeria. Ogunbiyi [6howed that an
average household and business possess more thagenarator while Tyler [7] reported that 97% ofveyed
businesses owned generators and use them for 64¥eiofproduction time. In 2011, Nigeria was estiethto
operate 60 million electric generators [3] —valwd$0.25 billion USD based on the 2011 statisticerported
electric generators [8]. Another estimate repothed local businesses, manufacturers and famitieadan average
of $26 billion annually to operate electric generat These estimates [3,8] place Nigeria as the ileporter and
operator of decentralized electric generators incAf Since exhaust emissions from the consumpmtidassil fuels
are one of the largest contributor to greenhouse(G&#G) emissions, the widespread use of decergrhliliesel-
and gasoline-powered generators in Nigeria is eathto environmental balance. More so, the deliwdrjossil
fuels, typically from foreign refineries increagb®e cost and environmental burdens of these fidtgeria has to
demonstrate a strong commitment to mitigating Ghhi@ssions and developing renewable and sustainaidegyg
options as a signatory to the Paris Agreement and@¢ Change (COP 21) in December 2015. Theremmistic
suggestions that commercialization of renewablésfaeuld be achieved by the use of energy cropsd® such

crop isJatropha curcas.
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Jatropha curcas is favored as one of the promising energy cropligeria because it grows locally and does not
compete for areas directly with food. Typical Jptra oil seeds in Nigeria possess oil yield as kigh3% [9-10]
with promising energy benefits. This oil can be wemed into more energy accessible forms such @ethianol, -
gas, -kerosene and -diesel, depending on the csinugorocess employed [11]. Because of the alfityhe plant to
adjust to marginal lands, and adverse climatic itmms, the plant is perceived to be of environmaérand
economic benefits, including the reduction (andrethe reversal) of rural-to-urban migratitimough employment
creation and skill development that consequentigldeto rural development [12]. These are largenagsans in
environmental sustainability, if considerable amoaoh fossil-fuels and -derived materials are to dmmsumed

during the production and use of the Jatropha bimlifuel.

There are ongoing efforts to adopt renewable ensogyces to alleviate Nigeria's energy and fuebfgms. The
Energy Commission of Nigeria and the United Natiddsvelopment Programme (UNDP) have developed a
Renewable Energy Master Plan. This master plarined at integrating renewable energy sources igtiexj
electricity generation and distribution systemsisTwill be supported by the National Renewable Byeand
Energy Efficiency Policy (NREEEP), a legislativarfiework designed to increase power generation itegsaand
share of renewable energy sources in Nigeria [1]3Q#4 approval, renewable energy sources would atcor at
least 10% of Nigeria’s electricity supply in 202B3]. To this effect, small-, medium- and large piwer plant
projects are proposed across the country for endgegdwer supply for public facilities and large ustrial estates
[6]. The African Development Bank (AfDB), among ethdevelopment partners, is also currently funding
renewable energy generation and efficiency proj#utsugh the Sustainable Energy Fund for Africa KBEto
encourage the generation, distribution and comralkization of clean energy in Africa. Hence, envir@ntal life
cycle assessment is required to assess the enwrdgahstatus of substitute renewable fuels. Lifel€yssessment
(LCA) is a useful tool for identifying, quantifyingnd evaluating the burdens associated with a reygteocess,
product, or technology [15-16]. It is widely applién biofuels research to assess the energy remeirs and

environmental burdens of fuels, oils and co-prosl{it7-20].

In literature, there is sparse information on thevimnmental burdens associated with widespread afse
decentralized diesel and gasoline generators fgeaerated electricity in Nigeria. A few studi@i-23] that have
investigated the LCA of power generation option§Nigeria have considered only the use of natural tiquefied
natural gas fuels and oils for thermal power plaktsss and Gleave [24] showed that Nigeria cancedumissions
by 63% by replacing individually-owned diesel geaters with electricity from large scale natural gasver plants.

The study was however limited and not holistic dostandard LCA because it only considered the derlbaust
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emissions of carbon in engines and presented hafasaas the only alternative. Nigeria is said écobe of the top
producers of crude with the largest amount of tlagas in the world [25]. Katsouris and Sayne, [@&§cribed how
stolen crude-oil is shipped from Nigeria to foreiggfineries for instant processing and sales thmoz@mplex co-
loading and along multiple routes to reduce thk obeing caught and to avoid payment of leviess$omet al.

[27] showed that Nigeria crude oils are subjedhédficient processes and gas flaring activitiegr#1so, the supply
chain for refined products from crude in Nigeri@@nplex: part of the crude that is produced lgciallexported for
sales, while others are transported overseas @mrepsing and imported back into the country asiedfiproducts.
Due to fuel shortages, pipeline vandalization, podr maintenance of pipeline networks; fuels aterofransported
from depots and import jetties over long distanggisg petroleum tankers and usually with emptystripjmported
fuels are transported over long distances using wathges of sea transport vessels. Hence, appiyities that
have assumed the U.S. National or European avemagthe reference diesel fuel, which in many cates,
assumptions were not clearly written, cannot be@mate in the Nigerian context. In other wordscemparative
fuel assessment that excludes local conditions sscmultiple transportation distances, flared gad fugitive

emissions for the diesel reference system undel jpower generation realities in Nigeria can undgeénate or

overestimate the environmental benefits of tha@dtiEves.

This study therefore presents the environmentaddng associated with the use of petroleum dies¢lféu power
generation from a life cycle perspective, in aemapt to quantify the environmental burdens assediatith self-
generated electricity and proposed embedded polantspin Nigeria. It proposes the use of Jatropbdibsel as a
less carbon intensive option and examines the emviental implications of fuel displacement withrdpha
biodiesel. This is subsequent to the study by Omjalet al. [28] that showed that Jatropha-biodiesel is a hweinile
substitute for petroleum diesel fuel with signifitaenvironmental benefits in power generation. Tdtedy
contributes to the published literature on LCA aftrdpha biodiesel production and use [29-32] thhotige

application of an understanding of realities in Higerian context.
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2. METHODOLOGY

The life-cycle impact studies were carried out gsstandard LCA methodologies, as described in ldetsgwhere
[15-16]. These include the steps of (i) goal ammpscdefinition; (ii) inventory analysis; (iii) impaassessment; and
(iv) interpretation. The goal of the LCA was to aant for the environmental burdens associated thi¢huse of
petroleum diesel fuel and Jatropha biodiesel ingrayenerating plants in Nigeria. To this effecsyatem boundary
that covers the production of petroleum diesel-foelNigeria, was defined for the base-case comparatudy —
Figure 1. This incorporates the processes involudtie extraction and lifting of crude-oil from Nigan oil-wells
(onshore/offshore), local refining of crude-oildiesel fuel, crude-oil swaps and the export of erai for refining.

It also includes onshore extraction of crude-ahfroverseas facilities and its transportation t@egrseas refinery
and associated transportation processes. Becalgdimited pertinent information exists for commaicscale
cultivation of Jatropha curcas seeds and production of biodiesel in Nigeria, aege system was described for
Jatropha biodiesel. The processes include Jatnolpha cultivation and harvesting, oil extractioi,anversion via
transesterification and associated transportationgsses —Figure 2. The functional unit for thigigtis defined as
1 kg of fuel consumed in the engine per year. Tiwentory includes inputs, such as materials, etégtrand fuels.
The outputs include wastes and emissions. Thesewate obtained from the public domain, existingpstific
literatures, with emphasis on local conditions agdcultural farming-systems [20,33-35]. In the ’tyavhere the
required data were not available, plausible tecimssumptions were adopted from literature. Prodliccation
was only considered for glycerol in the Jatrophadldsel fuel production system. Allocation of thgcgrol co-
product was undertaken based on energy contefiteoprioducts. The input, output and emissions whoeaded

based on a 90:10 ratio for Jatropha biodieselttuglycerol.

The life-cycle impacts of Jatropha biodiesel-fuald athe reference diesel-fuel were analysed usimgaBRO
8.0.3.14 software, a computational tool developg®induct Ecology Consultants [36]. This softwareorporates
comprehensive databases, including U.S. Life-Cholentory (US LCI), Agri-food Libraries, Eco-invehtbraries,
European Reference Life-Cycle Database (ELCD) évegal processes and systems and allows the devetdmpf
customized modules. The software was used to tantil analyze the inventories of Jatropha biodiassl-and
diesel-fuel production systems with preference mite Agri-food and Eco-invent libraries. In the abse of
Jatropha or country-specific data, technologicallyse substitutes of inputs were chosen for thegmeanalysis
such as the manure application in SimaPRO, whicbaised on input of manure application in Colomhid a
nitrogen fertilizer application in SimaPRO enviroam, which is based on field visits in India. THe-tycle impact

was assessed using ReCiPe Midpoint methodology twitfve impact categories, and an egalitarian patbge



151 that views emission contributions on a long-timanie, typically 500 years [34]. The GHG emissionsrfifertilizer
152  applications were calculated using the IPCC glotmiming potential (GWP) frame of 1, 25 and 298 iita 100
153 vyears' time-scale for GOCH, and NO. Additional environmental impacts, such as euticgtion and acidification
154  potential, were calculated using inorganic elementh as P§) NO;and NH; and metals including Pb, Cd, Ni, Zn,
155 Hg, Cu, and Cr, as emissions to soil, water orTie emissions associated with the use of farm meagh lorries

156 and small transport-vehicles were already takemastount in SimaPRO.

157 2.1. System Boundary for the Reference Diesdl Fuel

158 A generic diesel production and use system, istiliied in Figure 1. This framework has been deezidollowing
159 the reported yields of fuels from Nigerian refimarin 2012 [37] and public information available tbe export of
160 crude oil and the importation of refined productiNigeria [38]. This is to simplify the dieselefuproduction
161  system, which is a complex mixture resulting froivedse crude types and sources, product-refinesggsses and

162  means of transportation.

163  Figure1: Description/System Boundary for the Reference Diesel System

164  Crude-oil production includes activities such asesploration, drilling, extraction, as well as watand/or gas re-
165 injection. According to the NNPC Annual Statisti@lletin [37], the amount of crude-oil extractedrh Nigerian
166 oil-wells in 2012 was 8.53 billion barrels (bbl¥, which 34.9 million barrels (mbl) were processeddlly in four
167 national refineries. The refined products were theported to a local regional storage depots afidexes for
168 distribution [37]. The rest of the crude-oil extied was exported overseas via pipelines and Vergd &rude
169 cCarriers (VLCC) for processing —55.4 mbl under aapvarrangement and 22.7 mbl for off-shore procgssin
170 agreements (OPAs), although the exact locatiorniseofefineries were not disclosed. The presentyaisagéxamined
171 a swap arrangement for a refined product from aré&ffery, located in Chicago, and an off-shore pesing
172 agreement from the Société Ivoirienne de Raffinkg®JR) refinery in Cote d’lvoire. Importation of diel fuel into
173 Nigeria was assumed to be from Saudi Arabia, atjhothere are numerous sources of importation, ladja,
174  Venezuela, the Middle East, neighbouring countimeéfrica and many parts of the U.S.A. and Europhis is
175 Dbased on the estimated fuel demand in Nigeria,ecalat 12 million litres per day (MLPD) in 2012 [38[he
176 transportation processes include crude transpdddal, SIR and Chicago refineries, refined procuahsport to
177 their regional storage, and Nigerian local regios@rage depots and refineries and finally diesshgport to

178 consumer. Sea transport is assumed to be covereglaiyLCC of about 200,000 deadweight tonnes —&dbl

179 Table1: Transportation Distance & Related Parameters
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Local refineries in Nigeria produced 2.63 MLPD aéskl fuel [37] with a product yield of 18.2% - alwe deduced
from the reported 2012 annual production of 818,6i8ric tonnes of diesel fuel. Thus, from a maukiesel-fuel
demand of 12 MLPD [38], it can be deduced thatRL8°D of it was produced locally, 4.3 MLPD and 1.3 RD
of diesel fuel were obtained by SWAP and OPA areamgnts respectively, while 3.5 MLPD of diesel fugls
imported into Nigeria, assuming that the yield ofgquct was 18.2% for Bonny light crude-oil and 35.fbr Arab-
medium crude-oil. Thus, the present analysis estismthat 3.36 kg of Bonny light crude-oil and Olgpof Arab-

medium crude-oil are extracted from the groundkgeof diesel fuel consumed.

All the above-described processes were simulat&nmmaPRO by creating an assembly. The on-shoreuptiod of

petroleum and gas products in Nigeria describedecproduction and includes datasets for oil pradactenergy
use and emissions. This is linked to the datatferrést of the world (Saudi Arabia in this casdjodation for co-
products (crude oil and natural gas) was basedeatirty value. Because, refining covers the flowmaterials and
energy from 1 kg crude oil into the products anepomducts (petrol, bitumen, diesel, kerosene, raphtefinery
gas, secondary sulphur and electricity), the emwitental impacts are allocated accordingly. Trartsgion

includes pipeline transfer (onshore and offshoft@ight and lorry transport. Exhaust and non-exhaumsissions
such as tyre, brake and road wear per tkm aredgliealuded in the inventory for transportationoMCQO, exhaust

emissions such as NOx, SOx and CO considered éadifferent engines and fuels are stated in Table 2
Table 2: Inputs of non-CO, exhaust emissions from different power plants[28,39-40]
2.2. Jatropha biodiesel Production System

A generic Jatropha farming system is describediguré 2. This assumes that numerous small-scatasfdor
growing Jatropha exist in Ogun-State, Nigeria. Tagopha curcas is planted initially but widely on a small to
medium scale under two scenarios: a) small-scate Bha large-scale farming system. The small-staiming
system (SFS) employs manual labour and relies ioffed agricultural system while the large-scalerfing system
(LFS) utilizes diesel fuel powered farm machineffies irrigation and related activities. Jatropharghtion of 1

hectare (ha) and over a 20-year period is congidere

Jatropha seedlings were assumed to be grown irtheolg bags on nursery beds using seeds with 80%heda
survival rates for 60 days. These are watered2at @lant' day* and transferred to the field with a plant spa@fg
3m x 3m. Field preparation activities include stumgmoval, clearing, ploughing and harrowing ands pit
preparation. The plant takes up carbon dioxide filoentechnosphere and this is equivalent to thieorecontent of

the seeds. In small-scale farming, these activiiesusually carried out by manual labour usingsak®es and

8



209 cutlasses over several days. We estimated thatah#&hour for field preparation would require 5 nfear day”.
210 The energy expended by manual labour was calculatiedy the average daily food-intake of 2120 k&® (MJ)
211 capita’ day’, as estimated for a West African adult [41]. Fipteparation in large-scale plantations is presumed
212 would be undertaken by mechanized farming. Eshdoml. [20] and Gm undert al. [42-43] report diesel
213  consumptions of 12-15 litres (L) of diesel fuel'tar land preparation, whereas Prueksakorn and Géleef85]
214  concluded that the range is 25-40 L of diesel ha&l Adewoyin [44] reported values of 17-32 L of diefseel ha'
215 at ploughing depths d0-30 cm on a sandy-loam soil. In Nigeria, farm hiaery is rarely new, owned and
216  properly maintained, so farm machineries often hiaigh fuel consumption rates. We assume twin rua édrm
217  tractor with a diesel-fuel requirement of 45 L*van™. Here, the soil is assumed to be ploughed to #hdefat

218 least 50 cm and has sandy loam characteristics.
219  Figure2: Description/System Boundary for the Jatropha biodiesel System

220  Fertilizer application is not a common practicesomall-scale farms in Nigeria due to the costs imedland because
221  effective fertilizers are rarely produced local§o, we have not included fertilizer application tbe small-scale
222  farming system, asides the use of compost manu@Sokg plant yr. In the large scale farming system, we
223  assume that 122, 47 and 134 kg' &’ of Nitrogen (N), Phosphorus (P), Potassium (K) 435.are applied twice
224  per year for the first three years of the plantatiafter which the residues from the Jatropha ptaon, such as
225 husks and seedcake are returned to the field. &ynto popular opinion about the protective insedél and
226  microbicidal properties of Jatropha plant, Teret@l. [45] reported pests and diseases to be prevalefdtiopha
227 farming. Thus, it is assumed for this investigatibat Jatropha plants do not appear to be protdwstedeir in-built
228 insecticidal and microbicidal properties. Artifitiasecticide applications of 0.04 g plarif Chloropyrifos 20EC
229  (organophosphorous-compound, 20%) is assumed &ppléed every 3 years, based on local availabitidgether

230  with herbicides, Glyphosphate (3 L'Haand Paraquat (2 L Ha[35].

231  Weeding, pruning and fertilizing are assumed t@beomplished manually at 5 men'tday* for the small-scale
232 farming system while the large scale farming systemuires a diesel consumption rate of 25 L* han.
233  Harvesting is done in both systems at an avera§é &f) of dry seeds per worklttay'. Both systems require these
234  activities twice per year for the first five yedi35]. Gasoline consumption of 40 L har® per persons was
235 incorporated in order to account for the transgimmaof workers in and out of the farm. All otherims of manual
236 labour, such as those relating to the operatiosgofpment were not included. Irrigation is consédefor the large
237 scale farming, although the average annual pretipit in Ogun-State exceeds 1000 mm. Irrigatioassumed to
238  be supplemented daily by 8 L of water per plant aggplicatiorfor the first 5 years and during the dry season tha

9
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lasts up to six months, i.e. between October anttMaAlso, this activity involves the use of farnachinery with
diesel fuel requirement of 60 L fiaThe small- and large-scale farming systems redaiiditional 60 L hayr™ for

miscellaneous activities such as lighting and sgcrespectively.

Typically, a seed yield range of 3 to14 tonnesrgfsked ha yr is reported [19,33] for good soil and as low & 0.
tonnes ha yr* for poor soil or wasteland [47]. Studies by Achtenal. [48] showed that a minimum yield
requirement of 2 tonnes har’ is required for a sustainable Jatropha farmingesysHence, this study has adopted
a standard seed yield of 2.5 tonnes k&’ for both farming systems. Although, this is a jresstic yield-value
assumption in view of the current rapid advancesangatropha farming, spoilage is neverthelesdyliluring and
after harvesting due to poor use of storage fasliin Nigeria. Adverse ambient conditions such hagh
temperatures and humidity are also contributingofac Other losses, such as product theft coulduffered by
farmers: this would result in such an overall losed recovery. The study assumes a centralizedchaiking and
expelling hub facility for multiple Jatropha farnfsarms are typically located near villages which farther away
from cities in Nigeria, transportation distancesipfto 50 km from the plantation field was includatbngside with
an additional 40 km for transportation to the bés#il-production facility. The crop is assumed tdrbasported by

a farm truck of 20 tonnes capacity with fuel conption rate of 20 miles per gallon (14.1 litres {60 km).

Available power at the required time is a sevelighjting factor in Nigeria. Thus, small-scale indiual facilities
will likely choose the least expensive and readisilable technology for expelling oil. Seeds assusmed to be
sun-dried and harnessed by manual labour. The ddmimy assumed, in this study, for extracting odnfr the dry
seed is cold pressing considering a standard csiovefacility that is available to all farming sgsts. This process
begins with the use of a fruit cracking machineeimove the seed shells, followed by an oil expeHat ejects oil
from the seeds: finally, a filtering unit is usedpurify the oil. Oil yield of 35% was assumed ahd residue (i.e.
the seed cake) is returned to the field to supptérine applied organic fertilizer. It is deducedttB.5 tonnes of dry
Jatropha seed will yield approximately 0.88 tonoésrude seed-oil, 0.66 tonnes of seed cake arfsl thrithes of
seed husk, with oil yields of 35% and husk yield4@fo respectively. To reduce the fraction of frattyfacids the
oil is first pre-treated by allowing it to reacttivimethanol and sulphuric acid [20], followed bypase-catalyzed
transesterification reaction in an 80 L biodiesalcb—reactor, which has 97% efficiency. The mixtofelycerol
and biodiesel fuel produced is separated in thsemee of excess water. All the above describedtsnpre
summarized in Table 3. Land use is considered usieglefault SimaPRO parameters. Here, Jatroptensidered

a permanent crop and assumed to occupy formereatadls, bare lands, and primary and secondars.lartte

10
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total value of the land transformed is estimategishe average productivity hayeaf® and the lifetime of the

plantation.
Table 3: Inventory for Jatropha biodiesel System
2.3. Lifecycle Assessment

This study assumed the use of 5 kVA and 30 kVAadligenerators with power factor of 0.8 for self-gexted
electricity in Nigeria. Embedded power plant (indlizg diesel and gas turbines) were considerechinplace of
self-generated electricity and these include: & RWA diesel generator, b) 126 MW open cycle gadbihe
(OCGT) and c) 375 MW combined cycle gas turbine @I power plants. Jatropha biodiesel was considased
the renewable substitute to the reference diesdl fthe environmental impact categories for théed#nt engine
cases were calculated from their respective lifdecgmissions per kg of fuel and based on the ergyaverage fuel

consumption rate. For appropriate comparison, tesué expressed per MWh of electricity generatedially.
3. RESULTS
3.1. LifeCycle Environmental Impact

The environmental burdens associated with the disheoreference diesel fuel in the above-listedimeg) are
summarised in Figures, 3a-k and sub-sections 3.1. 5. Results are also presented for the Jatrbjuukesel fuel
cases (SFS and LFS) for comparison. Unless stdleavase, the LFS is mainly used for comparisongaithis is

the high-input system and the worst-case scenario.

Figure 3a-k: Environmental Contributions as a Function of fuel types, farming systems and engine
application: a) Climate Change, b) Ozone Depletion, c) Freshwater Eutrophication, d) Marine
Eutrophication, €) Fossil Depletion, f) Metal Depletion, g) lonizing Radiation, h) Photochemical Oxidant
Formation, i) Particulate Matter Formation, j) Eco-toxicity and k) Terrestrial Acidification.

SFS — small-scale farming system; LFS — large-deatring system; SGE — self-generated electri&ify(s — embedded power generation

3.1.1. Climate Change and Ozone Depletion

Climate Change (CC) uses g@quivalents (eq.) to account for major GHG emissiguch as C£ methane,
nitrogen oxide and fluorinated gaghsit result from human activities and are respdeasibr increasing global
temperatures. Ozone Depletion (OD) on the othed hgumntifies substances that erode the ozone layére
stratosphere using trichlorofluoromethane (CFCadslhe reference [49]. The results in Figure 3avsihat the use

of the reference diesel fuel in 5 kVA and 30 kVA&sk| generators can contribute 1625 and 833 kgeQ@MWh to
11
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CC respectively. For industrial engines, the emvinental contributions from diesel fuel consumptae 643 kg
CO, eq./MWh (for 200 kVa diesel engine), 698 kg £&y./MWh (for OCGT) and 459 kg GGq./MWh (for
CCGT). The GHG emission for industrial engines ardeast lower than 57% of emissions from to theselr
operated 5 kVA engines. In terms of OD (Figure 3bg, annual environmental contributions from SG& 204 ¢
CFC-11 eq./MWh (for 5 kVA engines) and 1.04 g CECely./MWh (for 30 kVA engines). These values catuce

to 0.81 g CFC-11 eq./MWh (for 200 kVA diesel engjri88 g CFC-11 eq./MWh (for OCGT) and 0.58 g CFLC-
eq./MWh (for CCGT) by switching to embedded powenegration. Additional benefits can be achieved by
integrating Jatropha biodiesel in these engindsodlaa biodiesel fuel substitution in 5 kVA enginen prevent
352 kg CQ eq./MWh (CC) and 1.91 g CFC-11 eq./MWh (OD) copmesling to 22% and 94% reduction
respectively. Integrating Jatropha biodiesel ireotbngines used in this study can result in redostranging from
973 - 1227 kg C®eq./MWh for CC and about 2 g CFC-11 eq./MWh for.Qlhe best-case scenario is the Jatropha
biodiesel powered CCGT and the reductions nearfgebfthe impact of SGE in 5 kVA engines. For furthe
reductions, a small-scale farming approach candoptad. This ensures an additional 15% and 1% ira@€COD

contributions respectively from the LFS cases.

3.1.2. Freshwater and Marine Eutrophication

Eutrophication considers the accumulation of natgén the environment and how they affect watetligguand the
ecosystem [49]. These include direct and indirdfitces of the use of fertilisers and chemical sabses and
emissions of ammonia, nitrates, nitrogen oxides pimasphorous on the ecosystem, a process diffatedtinto
freshwater eutrophication (FE) —Figure 3c and neentrophication (ME) —Figure 3d. The use of thenence
diesel fuel in 5 kVA diesel generators can contébd.71 g P eq./MWh and 0.39 kg N eq./MWh to FE bkt
respectively. These values are minimal with 30 k¥idsel generators —2.41 g P eq./MWh, (FE) and @M
eq./MWh (ME) and at most 1.33 g P eq./MWh (FE), @tll kg N eq./MWh (ME) for the CCGT case. Fuel
substitution with Jatropha biodiesel increases R&EME, as annual contributions of 283.64 g P eq.tMWE), and
3.01 kg N eq./MWh (ME) are obtained for the 5 kVAgaes and 145.32 g P eq./MWh (FE), and 1.54 kg N
eq./MWh (ME) for the 30 kVA engines. In embeddedvpo plants, the use of the Jatropha biofuel coutei®
between 88.70 g P eq./MWh (CCGT) and 134.96 g Avddh (OCGT) to FE. The contributions to ME, on the
other hand, are 0.94 kg N eq./MWh (CCGT) and 1M g¢g./MWh (OCGT) based on the use of embedded power
plants. These contributions to FE and ME from tatapha LFS can be reduced significantly by 83% @6

across all engine types, if small-scale farmingesys are adopted. While the impact on marine ehicagion can

12
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be reduced below the final values of the referatiesel fuel cases, fresh water eutrophication @rélltimes more

than those of the LFS.

3.1.3. Fossil and Metal Depletion

Fossil depletion (FD) quantifies the rate of conption of fossil fuels and minerals while metal djgn accounts

for the unsustainable consumption of metals. Tkeltg in Figure 3e show that a decline of 3521 keg@./MWh

(for 5 kKVA engines) and 1804 kg oil eq./MWh (for BUA engines) can result from SGE. The annual ¢buations

to FD from embedded power generation is 1392 kgeqilMWh (for 200 kVA diesel engines), 1512 kg oil
eq./MWh (for OCGT) and 994 kg oil eq./MWh (for CC§5The use of Jatropha biodiesel in these enginester

can minimize fossil depletion by avoiding the us€®07 and 1489 kg oil eq./MWh in 5 kVA and 30 k\thesel
generators respectively. The highest potential®bserved with the embedded power plants. Herew&®reduced

to 243 kg oil eq./MWh (for 200 kVA diesel engine2®2 kg oil eq./MWh (for OCGT) and 192 kg oil eq\h (for
CCGT), a 81-83% reduction from when diesel only waed. The small-scale farming system can ensure an

additional 5% reduction in FD from the LFS.

Metal depletion as much as 13.02 kg Fe eq./MWh %dtVA) and 6.67 kg Fe eq./MWh (for 30 kVA) were
observed from Jatropha biodiesel-operated generéffagure 3f). These values reduced to 4.07 kgd=@&/&\Vh in
the CCGT but still as much as 6.19 kg Fe eq./MWHIGGT. All MD values from the Jatropha biodieselfcases
are significantly higher than the environmental tcbaitions from diesel powered engines, even ifirgeheration

scenarios.

3.1.4. lonizing Radiation and Photochemical Oxidant For mation

lonizing radiation, quantified as kBq uranium-23885) eq. takes into account radiations suct-ag- andy-rays
resulting from human activities and their toxicdtm effects on human health. The impact of SGHis category
include 167 kBg U235 eq./MWh and 85 kBq U235 eq./MWér 5 and 30 kVA diesel generators respectively
(Figure 3g). The embedded power generators redilnse@npact values to 66 kBg U235 eq./MWh (for 2008k
diesel engines), 72 kBq U235 eq./MWh (for OCGT) @1dkBq U235 eq./MWh (for CCGT), but still twice as
much as the case of Jatropha biodiesel in selfrgéng engines. The renewable embedded power aptoa
beneficial in terms of ionizing radiation effects they ensure an overall reduction of about 88% fsokVA diesel

engines.

Photochemical Oxidant Formation (POF) reflects gbations to ground level ozone formation and acolation.

Ozone is formed from increased interaction betwasatile organic compounds and nitrogen oxideh@gresence
13
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of heat and radiations from sunlight [49]. At higtncentration, ozone has toxic effects on humaah paomotes the
formation of smog that reduces visibility althouglis highly useful in the stratosphere to prevglobal warming.
POF accounts for exhaust emissions such as suffixide, nitrogen oxides, and non-methane volghlbVOC)
that are released during engine operation. Thescdimtributions (Figure 3h) from small diesel poseegenerators
include 22.81 kg NMVOC (5 kVA) and 11.69 kg NMVOQGQ kVA). Diesel-operated embedded power plant
however contribute 9.02 kg NMVOC (200 kVA large 86, 9.80 kg NMVOC (OCGT) and 6.44 kg NMVOC
(CCGT) respectively to POF. A fuel substitutionwitatropha biodiesel for SGE can therefore ensueduction of
about 84%, values of 3.63 and 1.86 kg NMVOC fovAkand 30 kVA diesel engines respectively. With emded
power generation options, the values reduce futindr44, 1.73 and 1.14 kg NMVOC for 200 kVA dieseCGT

and CCGT engines respectively.

3.1.5. Particulate M atter For mation

Particulate matter formation (PMF) accounts fortipkas as small as 10m, which are generated from human and
industrial activities and can trigger a number edpiratory health problems such as asthma, ale®fe In this
study, the contributions to PMF are largely frortrdigha biodiesel LFS. Here, the use of the fuekkdf-generated
electricity contributes 4.64 kg PMeq./MWh (5 kVA) and 2.38 kg PM eq./MWh (30 kVA) —See Figure 3i.
These values are 30% higher than the referenceldigsd cases and could have resulted from plahivation as
well as those resulting from fertilizer applicatidrhe contributions from the renewable embeddedep@eneration
options are much lower with values of 1.83 kg.g®t./MWh, 2.21 kg PM eq./MWh and 1.45 kg PMeq./MWh
from 200 kVA large diesel, OCGT and CCGT enginespeetively, a 35-58% reduction in environmental
contributions when compared to the Jatropha bietlfeel cases. The contributions from the LFS camduluced by
adopting a small-scale farming approach to Jatrggbduction. This can ensure an additional redactib56% in
PMF as compared to the LFS, an overall reductioB4ef#0% in PMF across all engine types in the szfee diesel

fuel cases.

3.1.6. Ecotoxicity and Terrestrial Acidification

Ecotoxicity (ET) accounts for emission of substandet are above the tolerance levels of toxioiy ean include
human, fresh water, marine, and terrestrial toxicithis study shows that the use of Jatropha bsedlieas adverse
contributions on ecotoxicity, with a range of 8223350 kg 1,4-DB eq./MWh depending on engine capaeit
Figure 3j. This range is about 21-54% higher tHaosé of the reference diesel fuel in 5 kVA and 3 ldiesel

generators and is as a result of direct applicatforhemicals, and fertilizers related substanttesso includes the
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contributions from the use of chemicals for oil eersion processes. The use of the Jatropha biddiesmbedded
power plants can reduce ET to 6346 kg 1,4-DB eq."M@00 kVA), 7637 kg 1,4-DB eq./MWh (OCGT) and 5019
kg 1,4-DB eq./MWh (CCGT) annually; however, thesdues are still twice as much as the referencesties!

cases.

In the case of Terrestrial Acidification (TA) asosin in Figure 3k, the contributions include a rabhgéween 9.54
and 4.89 kg S@eq./MWh from the consumption of diesel in 5 kVAdaB0 kVA diesel generators, values that
reduced up to 2.69 kg $Cq./MWh with CCGT operation. The contributions nfraJatropha biodiesel fuel
consumption were much higher and similar to diésell consumption in self-generation capacities emeter best
case scenarios with CCGT. The contributions incl28®9 and 4.89 kg S&q./MWh from Jatropha biodiesel fuel
substitution in 5 kVA and 30 kVA diesel generatas,well as 11.34 kg S@q./MWh, 13.65 kg S£eq./MWh and
8.97 kg SQ@ eq./MWh in 200 kVA diesel, OCGT and CCGT enginespectively. Acid deposition is largely
contributed by the emission of acid gases (NOx &6g) as well as inputs from fossil energy sourcesaitnapha
farming and oil conversion processes. Thereforemall input system can be adopted and this ensu334%

reduction in terrestrial acidification for directel substitution in the different engine cases.
3.2.  Senditivity Analysis

The environmental benefits highlighted in this stade based on a number of model scenarios and gstimates
with underlying uncertainties that can make theultesmore sensitive to one or more parameters. itBatys
analysis was conducted on varying seed yield leants based on the increasing use of fossil fuelsizer and
chemicals to ascertain their effects on the diffeenvironment impact categories. The outcomegpezsented in
Figure 4a-d. Figure 4a show the radar chart ofsthesitivity analysis conducted based on seed y@fi@&5 and 7
tonnes had yr'. The sensitivity analysis therefore shows thatrameased seed yield of 3.5 tonnes' hya' can
reduce the environmental burdens by 16-29% whieed yield of 7 tonnes Hhar™ can ensure a reduction of 40-
63% across the different environmental impact caieg. The impact categories, CC and POF, werentbst
sensitive to seed yield while the rest had sim#awironmental performance as the base-case scenario
conservative seed yield of 2.5 tonned ya* was adopted in this study; however, a range ofl@.4ennes hHayr*

is reported in literature [48] that differs withragwltural inputs as well as climatic and abiotienditions [50].
Lower seed vyield beyond 2.5 tonnes’har® was however not considered due to the minimum seeld
recommendations of 1-2 tonnes'ha™ for sustainable farming afatropha curcas [48,51], yields that are typical

for farming activities on waste and degraded lands.
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For sensitivity analysis based on a 50% increasecdiifossil fuels and electricity, as shown inur@4b, there was
a 0-10% increase in the different environmentaldotategories. The increased use of fossil fumdewnts mainly
for diesel fuel consumption in farm equipment arachineries while electricity covers the energy gatien from
fossil fuel sources. For diesel fuel consumpti®®F had the highest variation with nearly 10% iaseewhile CC,
ME and IR had ~6% variation, and TA and FD had ~4f#ation. OD and MD had the least variations witthues
less than 2%. Similar experiments for electricigg show an increase of 10% in the environmentaldng for CC
while the environmental impact categories, POF, PWh and FD increased by ~8%. The rest were leas #%6.
Figure 4c show the sensitivity analysis conductaskl on a 50% reduction in the use of fertilizet ememicals. A
50% increase in use of fertilizer and chemicalsught about ~20% increase in the environmental dmrtons to
OD, TA, FD, POF, PMF, MD and CC. The most sensifivgpact categories for increased fertilizer appiaa
include FE (45%), ME (45%) and ET (23%) while IR5%4) for increased chemical use including the comgion
of methanol and sulphuric acid. The sensitivitalgsis on transportation, as shown in Figure 4distimt a 50%
increase in the distance covered for the transpontaof seeds, oil and biodiesel fuel can bring wha 14%
deviation in POF and 8% for ME and PMF. Other amwinental mechanisms such as CC, TA and FD have

deviations of ~6%.

Figure 4a-d: Radar chart of the sensitivity analysis. a) seed yield, b) fossil fuel use and electricity, c) fertilizer

application and chemical use and d) transportation of Jatropha seeds, oil and biodiesel fuel.

4. DISCUSSION

Nigeria is considered as one of the least conwibtt GHG emissions globally with annual £€émissions of 0.54
tonnes C@eq. per capita [52-53], according to the 2011 Wdarevelopment Indicators. This ranked the counsry a
the 159" emitter of CQ based on emissions per capita, buf @fitter of CQ out of 196 countries based on total
CO, produced —88 megatonnes in 2011. The country-lems@lings were based on the total G€nissions from
burning of primary solid, liquid and gaseous fosiels including emissions from gas flaring and eemn
production, but there are no indications that dlided emissions from self-generated electricity. atcount for
SGE, this study estimates a value of 389 milliom&s CQ eq. on total C@produced, which corresponds to 2.07
tonnes C@eq. per capita at 2011 estimated population [bBlis, in addition to the country-level rankingsgaliia
positions as 112 emitters of G@mong the global Cmissions per capita index, and"igosition based on total
CGO, produced. By 2050, Nigeria’s population is expddteexceed 400 million [2] and the country caroperating
up to a projected 150 million electric generatdrthe current practice of SGE persists. This canse annual GHG

emissions of 847 million tonnes G@q. that places the country potentially as ontheftop ten emitters of GO

16



442
443
444

445
446
447
448
449
450
451
452
453
454
455

456
457
458
459
460
461
462
463
464
465

466
467
468
469
470
471

The LCA results obtained in this study are themefaseful for estimating the annual emission couatidms from all
the midpoint ReCiPE impact categories selectedyTdre also important for comparing the alternatpever

generation options.

The above estimation for annual GHG emission hasiraed that 68% of privately-owned 60 million eliect
generators in Nigeria are diesel operated for *hper day and have engine capacity of 5 kVA cdpami less
with power factor of 0.8 [3-8, 54]. Engine availlitlyi was assumed to be low as 50% due to poor maarice
culture that increases the downtime of enginestaadeport on the operating hours of generatorshpesehold
[54]. While these assumptions provide an estimpégameters such as engine performance and efficiesmges
with time and ambient conditions. Others such agrencapacity, duration of run, fuel choice etqeleds on user
behavior as well as socio-economic factors. Foicpalevelopment and implementation, a detailed LiGfarmed
by real data or accompanied by a thorough survayldMoee required. This is because of the uncertsraissociated
with generic data. For Nigeria and similar devehgpcountries, there is often limited environmeimérmation on
the contributions, nature and consequences oftdargat indirect emissions, as such attention shbaldirected to

obtaining robust data.

We have considered climate change as the most arglelcal environmental indicator, although all the
environmental impact categories are equally imprtdhis is based on the country’s recent commitrten
mitigate greenhouse gas emissions on the ParigyToaaClimate Change. We propose that addressagahntry’s
shortfalls in electricity supply should not only bee priority, environmental sustainability amongster factors
should be at the forefront. As a party to the Uhiwations Framework Convention on Climate ChangdROCC)
and Kyoto Protocol, Nigeria can demonstrate a gtroommitment to sustainable development by progidin
renewable alternatives to private-operated smalegsing sets. Measureable goals can be achieveddntifying
the environmental impact of current energy capagitwith comparative assessment of sustainablenattees, as
presented in the study for Jatropha biodiesel Bdistitution. This can then be supported with tmrgend

monitoring to ensure environmental protection.

This study has explored the egalitarian perspectivehoice that assumes the longest time-frameefioission
impact in the various environmental mechanisms,opposed to the short-time frame for the individstali
perspective or the dependence on a commonly acteptielelines for the hierarchist perspective. Aié tLCA
results obtained are thereby worst-case scenang®gerts prevention as the mitigation strategprecautionary
principle. We have selected the midpoint ReCiPEhodtlogy for characterisation due to the low uraiaties
associated with this approach, even in the absehcegional data. Unlike the endpoint approachs tmiethod
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472 provides direct and individual environmental cdmitions without further damage level assessmentih W
473  additional and well-structured regional informatiom the fate and exposure of chemical compoundghén
474  environment, further damage level assessmentseanrmucted with the mid-point indicators to achiétwee end-
475 point indicators (damage to ecosystems, humanthaall resource availability). The disadvantagehefrhidpoint
476  approach; however, is that the results are lesssaitile and difficult to interpret by non-techniealdience but the
477  end-point estimations are best suited for well-ttgved and understood systems and results can lmenpenied

478  with large uncertainties.

479  The study also showed that emission reductionsdeaachieved with the use of more energy efficidants with or
480  without fuel substitution. The deployment of heasyty engines for embedded power generation wittioek
481 substitution can ensure reductions of 56-72% irthall environmental impact categories. By substituthe diesel
482 fuel with as a less carbon intensive option, Jataopiodiesel, overall reductions can vary from 2#?88% in the
483 impact categories: CC, OD, POF, PMF, ET, IR and B&pending on the farming methods. Similar resaits
484  presented in [31, 35, 55-56] where previous stuslesv that the life cycle production of Jatrophadiésel have a
485 positive environmental balance, and magnitude abits depends on system inputs and product aitotaidong
486 et al. [57] showed that the use of Jatropha biellieswest Africa reduced GHG emissions by 72% e/lithten et
487 al. [19] presented these GHG reductions as 55+16%hé reference system. There are however negative
488 environmental contributions such as terrestriatlification, fresh and marine eutrophication and aheepletion

489 that results from the use of Jatropha biodieselthadontributions exceeds the diesel referendesys

490 These negative contributions in the Jatropha bsmdisystem are resulting from the production angliegtion of
491 synthetic fertilizers, and emissions associatech wite use chemicals and fossil fuels in farm eqeipmand
492  industrial plants. Analysis of the Jatropha biodids=S shows that Jatropha farming is the main eafi®missions
493 in the seven categories including eutrophicatiatipulate matter formation and terrestrial acwifion while oil
494  conversion processes contributed mainly to metpledien, fossil depletion, photochemical oxidantnfiation and
495  ecotoxicity. Studies by [19-20,58] attribute thgewf nitrogen and phosphate fertilizers and thesemption of
496 fossil derived fuels for the agricultural farming datropha curcas has the main contributions to environmental
497  burdens. These fertilizers tend to leak into neaibgrs and streams, and can be released acciyemial the air
498  during application, depending on the soil’s projesrand environmental conditions. Eshton et al] ff@wed a net
499 GHG contribution of 848 kg'tfrom the farming and end-use of Jatropha biodigsdlanzania and these were
500 mainly from fertilizer application. From the abostudies, Jatropha biodiesel is established as @loden and not

501 a burden-free system, due to the inputs of nitragahphosphorus fertilizers, and fossil fuels. Tise of chemicals
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such as methanol and sulphuric acid also contsbiteus, to minimize the negative contributions asseci with
large-scale system, small-scale farming systembeaadopted. While the life cycle impact towards & and
PMF can be minimized beyond those of the refereliesel fuel cases in the SFS, the impact towarddviEand
ET cannot be minimized. Overall, the magnitude eféfits of the Jatropha biofuel system will largdBpend on
material inputs, seed yield as well as the envirema status of the reference fuel. Previous stuffi®-61] that
have examined the LCA of the European standardramart GHG emissions in the range of 4.9-24 g-€Q/MJ
(well-to-tank analysis), corresponding to 0.34-1kgPCOs-eq./kg. This is less than a third of the valueaot®d in

this study, as such the Jatropha biodiesel systera dot have a favorable outcome with a Europeamdatd fuel.

For drastic reduction measures as shown in thatséysanalysis results for fertiliser applicaticand seed yield,
minimal use of fertilizers and chemicals will bepartant. Seed and oil yield can be improved with tise of
superior genetic seed strains, agricultural prastignd soil conditions [19,48]. Rathbauer et &] ghowed that
harvesting and storage conditions are key aspectslfquality. Jatropha was originally recommended to be grown
on degraded or wastelands with minimal agricultimpluts [63] due to the crop’s resilient abilitimsadapt to poor
soil and adverse climatic conditions. However, Esichy Achten et al. [20], Ariza-Montobbio et aé4] and
Axelsson et al. [65] showed that there are sigaiftccosts on seed and oil yield. For energy andramwental
balance, a seed yield of at least 1-2 tonnes peatee(ha) per year is recommended [48, 51]. Gtbgmeasures to
limit negative environmental contributions includenimised use or part-replacement of fossil fualrses for
powering farm equipment, and industrial machinesofbconversion. Wang et al. [51] and Brittainedad_utaladio,
[66] showed that there could be a significant réiducin the life cycle impact of Jatropha biodiebgl co-product
allocation; however, this depends on a number cibfa including seed yield, energy and materialtaghat are
often site-specific. Site-specific LCA informed Ipyractical farming can therefore better inform miization
strategies. The study has considered human en&pmgnditure in the Jatropha farming system [67]¢eifarming
in Africa is heavily dependent on manual procesdesvever, the results show that human energy iigpudlatively
small to the overall system and has no added inflee®n the environment impact. In this regard,@oseconomic
LCA can provide the impact of human energy inpattipularly relating to quality of life and costssaciated and

especially for the small-scale farming system.

This study did not associate increased seed yiéll increased use of irrigation, fertilizer etcthalugh seed yield
can be linked to improved farming method and inpitsis is because Jatropha farming is yet to betioed
commercially in Nigeria and there is known to whatent that fertilizer use will improve Jatropha&deroduction.

It is also of worth to mention that the scope @& #tudy did not cover social and economic assegsofihatropha
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biodiesel production. Land use changes and cartomk sassociated with commercial production of thel fis well

as infrastructure development were not considereltd limited local information. The study has otdken into
account the main non-G@xhaust emissions (NOx, SOx and CO) which exclistest-lived climate pollutants
(SLCPs) such as black carbon (BC), hydrofluorocasbaolatile organic compounds (VOCSs) that are shaw
recent times to negatively affect climate changel associated with a number of human respiratory and
cardiovascular problems. These SLCPs have a sfespén of a few days to weeks and varies widekh wical
conditions. For instance, BC are formed from inctatgpcombustion of fuels including diesel and bései fuels
and from open burning of agricultural waste and dvan cook stoves. Therefore, the inclusion of SLCPs
particularly BC can increase the CC impact of telS used in the study. Further work can elabaratthe impact
of these compounds. Other aspects that can betigatesl which are out of scope of this work is st
implication of the use of these fuel in diesel @egi. Previous studies by the authors [68] showatthe use of the
fuels in large industrial gas turbines requiresoanf of financial instrument to ensure economic Wigh hence
economic performance analysis will be vital in ligdt of this environmental assessment. The stuay/donsidered
the direct substitution of fuels in engines basedhe close characteristics of diesel and biodiesd$. Since, these
fuels have a relatively high biodegradability rf#8], there are possibility for increased maintergaonf engines.
Such additional environmental impacts and mainteeaequirements were not included in the study. dvarall
life cycle outlook of the Jatropha biodiesel systdarther work will aim at expanding the study wisiocio-

economic impact assessment.
5. CONCLUSION

This environmental impacts associated with selfegated electricity and proposed embedded powertglan
Nigeria were assessed based on a life cycle pargpethe use of privately-owned diesel poweredegators of
5kVA or less can result in annual life cycle GHGigsions of 389 million tonnes G@q., a value corresponding to
2.07 tonnes C&eq. per capita. This can position the countryhaslitl? emitters of CQamong the global emissions
per capita index, and f6position based on total Groduced. By 2050, the country could be one oftére
emitters of CQ if current self-generation activities persist. Jatisfy Nigeria's energy demand, there should be a
diversification in the energy mix for power genéatand a reduction in GHG emissions concurrefithis can be
achieved with embedded power plants with Jatropbdidsel, as the alternative fuel. By substitutihg diesel fuel
with Jatropha biodiesel, 352 kg €@q./MWh can be avoided, a 22% reduction. Furthductions in CC of up to
76% can be achieved with embedded power generadioch projects can significantly reduce the envirental

impact of self-generated electricity across mogpaat categories, however at a cost on terrestcigifecation,
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562 metal depletion, freshwater- and marine-eutropluoatThese contributions are resulting from thedoition and
563 application of synthetic fertilizers, and emissioassociated with the use chemicals and fossil fielgarm
564  equipment and industrial plants. An adoption ofn@ak-scale farming approach, the reduction of liegi and
565 chemicals at the cost of yield and the replacenoéribssil fuels with renewable options can furtlmeduce the

566  contributions from the Jatropha biodiesel system.

567
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Table 1-Transportation Distance & Related Parametes

Sea distance (Forcados Terminal to Gulf Port)
Forcados Terminal to Port, Abidjan

Forcados Terminal to local refinery

Gulfport to Chicago Refinery

Crude Transfer to SIR refinery

Crude Transfer to Saudi Arabiarefinery

(Jubail Port, Saudi Arabiato Forcados Terminal)
Gulfport to Nigerian Port

Abidjan Port to Nigerian Port

Local refinery to local depots

Chicago Refinery to Gulfport

Crude Transfer from SIR refinery to local refinery
Crude Transfer from Saudi Arabiarefinery to local refinery

km
km
km
km
km
km
km
km
km
km
km
km
km

12434
1048
920
1447
100
100
15662
12434
1048
5000
1447
300
300




Table 2— Inputs of non-CQ exhaust emissions from different power plant§28, 39-40]

Engine/Fuel Type Diesel Engine Gas Turbine

Emissions Diesd Jatropha Biodiesel Diesdl Jatropha Biodiesel
CO 3.69E-03 1.76E-05 7.92E-06 4.40E-06
NOx 1.58E-05 7.92E-04 3.52E-04 5.28E-04
SOx 2.67E-02 - 2.12E-03 -




Table 3-Inventory for Jatropha biodiesel System

SUB-PROCESSES

SMALL-SCALE

LARGE-SCALE

FARMING FARMING
PRE-NURSERY
Seeds for Nursery 0.769 g seed™ 0.769 g seed™
Water for Nursery 0.2 L seed™day™/60 days 0.2 L seed™*day™/60 days
Polyethylene Bags (Nursery) 2 gbag™ 2 gbag™
Human Labour 1 man day*/60 days 1 manday /60 days
FIELD PREPARATION
Tractor Use for Land Preparation 5 men ha'* day™'/5 days 45 L diesel ha'run™
Weeding/Fertilizer Application 5 men ha day™ 125 L diesel ha'run™

Harvesting

Fertilizer, N

Fertilizer, P,Og

Fertilizer, K,O

Compost

Glyphosphate (Herbicide)
Paraquat (Herbicide)

Insecticide

Gasoline Use (Extra)

Diesel Use (Extra)
Transportation (To Crushing Site)
Water for Insecticide Application
Diesd for Irrigation

Irrigation

Transport for Irrigation

OIL EXTRACTION
Cracking Machine
Expeller

Filtering Machine

Transportation (Crushing Site to Biodiesel

50 kg dry seed man‘day™

0.5 kg pittyr
3L ha'yrt
2L ha'yrt

0.04 g plant™yr?
40 L ha'yr?
60 L ha'yr

50 km @20mpg

100L

2hp@100 kg hr*
37.5hp@ 0.75 ton hr*
2hp@160L hr

50 kg dry seed manday™
121.48 kg ha'yr™
46.49 kg ha'yr*
133.47 kg ha'yr™

3L ha'yrt
2L ha'yrt
0.04 g plant™yr™
40 L ha'yr?
60 L ha'yr
50 km @20mpg
100 L
60 L ha'
8 L plant*week™
43 km @20 mpg

2hp@100 kg hr*
37.5hp@ 0.75 ton hr
2hp@160L hr

Plant) 40 km@ 20 mpg 40 km@ 20 mpg
OIL CONVERSION

Electricity for Biodiesel Plant Use 80L/batch @4kWh/batch 80L/batch @4kWh/batch
Electricity for Pre-treatment 14kwh/t 14kwh/t
Sulphuric acid 14kg/t 14kg/t

M ethanol 110kg/t 110kg/t

KOH 18kg/t 18kg/t

Steam 660kg/t 660kg/t
Transportation (Biodiesel Plant to Local Site) 50 km @20mpg 50 km @20mpg




Crude Extraction
(Nigeria Oil Wells)

Pipeline Barge ﬂ
(1847km) | 11g/m11 Bonny (1,048km) Tkg/MJ Arab-

Barge
(12,434km)

Pipeline
(100km)

Light Crude

Chicago SIR
Refinery Refinery
0.36 ke/M) Pipeline
Refined (920km)
Diesel
Oil Tanker: (12,434km)
Pipeline: (6447km)
Refinery
0.22kg/MJ | Pipeline

Refined Diesel | (5,000km)

M*

Truck
(10,000km)

Truck
50 km

v
Fuel
Utilization

Crude Extraction
(Saudi Arabia Oil Wells)

Medium Crude

g

Saudi -Arabia
Refinery

Oil Tanker: (1,048km)
Pipeline: (5,420km)

0.30 kg/MJ
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Refined
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Fig. 1. Description/System Boundary for the Reference Diesel System
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Figure 4a-d: Radar chart of the sengitivity analysis: a) seed yield, b) fossil fuel use and electricity, c) fertilizer application and chemical use and d) transportation of

Jatropha seeds, oil and biodiesel fuel.



Highlights

Self-generated electricity (SGE) contributes of 1625 kg CO, eq./MWh of electricity
SGE in Nigeria contributes 389 million tonnes CO, eg. annually to climate change
This can rank Nigeriain the top 20 on the global CO, emission index

Jatropha biodiesel in embedded power plants can reduce CO, emissions by 22-76%

Magnitude of benefits depends on plant yield, farming system and engine efficiency



