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8 ABSTRACT: Fast growing and emerging economies face the
9 dual challenge of sustainably expanding and improving their
10 energy supply and reliability while at the same time reducing
11 poverty. Critical to such transformation is to provide affordable
12 and sustainable access to electricity. We use the capacity
13 expansion model SWITCH to explore low carbon development
14 pathways for the Kenyan power sector under a set of plausible
15 scenarios for fast growing economies that include uncertainty in
16 load projections, capital costs, operational performance, and
17 technology and environmental policies. In addition to an
18 aggressive and needed expansion of overall supply, the Kenyan
19 power system presents a unique transition from one basal
20 renewable resource−hydropower−to another based on geo-
21 thermal and wind power for ∼90% of total capacity. We find
22 geothermal resource adoption is more sensitive to operational degradation than high capital costs, which suggests an emphasis on
23 ongoing maintenance subsidies rather than upfront capital cost subsidies. We also find that a cost-effective and viable suite of
24 solutions includes availability of storage, diesel engines, and transmission expansion to provide flexibility to enable up to 50% of
25 wind power penetration. In an already low-carbon system, typical externality pricing for CO2 has little to no effect on technology
26 choice. Consequently, a “zero carbon emissions” by 2030 scenario is possible with only moderate levelized cost increases of
27 between $3 and $7/MWh with a number of social and reliability benefits. Our results suggest that fast growing and emerging
28 economies could benefit by incentivizing anticipated strategic transmission expansion. Existing and new diesel and natural gas
29 capacity can play an important role to provide flexibility and meet peak demand in specific hours without a significant increase in
30 carbon emissions, although more research is required for other pollutant’s impacts.

31 ■ INTRODUCTION

32 There are over 1.1 billion people without access to electricity, a
33 large majority of these in countries with very high levels of
34 poverty.1 Sub-Saharan Africa (SSA) is the most electrically
35 disadvantaged region in the world with over 600 million people
36 lacking access to electricity, and hundreds of millions more
37 connected to an unreliable grid that does not meet their daily
38 energy service needs.1 There is an established relationship
39 between electricity and/or energy consumption per capita and
40 a host of well-being indicators such as the Human Develop-
41 ment Index, infant mortality, and life expectancy.2,3 Mecha-
42 nisms through which electricity access benefit the population
43 are not clear, but there is a shared agreement that expansion in
44 the capacity of consumers to use electricity will be key to lift
45 populations out of poverty.4

46 Developing sustainable power systems requires a set of
47 institutional, regulatory, economic, financial, technological, and
48 social conditions. One constraint in the implementation of
49 these conditions is imposed by climate change and the need to
50 stay below the 2 C threshold as agreed in the UNFCC Paris

51Agreement by mitigating and avoiding future greenhouse
52(GHG) emissions. Many fast growing and emerging economies
53have expressed concern that imposing restrictions on their
54future GHG emissions by forcing adoption of mitigation
55technologies would create a burden to their economic
56development.5 There are also concerns about the fairness of
57intertemporal emission allocation between wealthier and poorer
58economies and metrics that should be employed to achieve
59such allocations.6,7 Despite of these concerns, the stringency of
60climate change targets will require that economies in general
61cooperate to grow more sustainably as a whole8

62In this paper we explore sustainable growth paths for power
63systems in emerging economies through a case study of Kenya.
64The country is one of the fastest growing and most stables
65economies in Africa. To fuel this growth, the administration of
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66 President Mwai Kibaki launched in 2008 the Vision 2030
67 initiative. The Vision 2030 is a long-term economic, social, and
68 political development program whose objective is to make
69 Kenya a middle income industrialized economy with high living
70 standards for its population. One of the core components of
71 this program is the Least Cost Power Development Plan
72 (LCPDP), which lays out the investment needs for the
73 electricity sector in Kenya. Currently, roughly 40% of the
74 population has access to electricity, but only 15% of rural
75 inhabitants do. Even in urban areas, power quality is low,
76 supply is unreliable, and the system well-being is volatile due to
77 its high dependence on hydropower.9 Emergency investments
78 in diesel and fuel oil based capacity have rendered the country
79 with one of the highest power costs in the region. However,
80 Kenya is richly endowed with renewable and conventional
81 resources that can be tapped to fulfill its development vision in
82 an affordable and sustainable manner.10

83 Existing analyses of power system expansion at the pan-
84 African level suggest capacity expansions between 50 and 200
85 GW by 2025 at around 8−13% annual rates.11−14 However,
86 there is little research in the literature for national level
87 sustainable power system expansion for individual SSA
88 economies. Some examples are found for Ghana15 and
89 Nigeria.11,16,17 Unfortunately, the methods used in these few
90 studies lack the temporal and spatial resolution required to
91 properly characterize variable resources such as wind and solar.
92 These studies also use a very coarse representation of the
93 power system, missing key elements such as transmission
94 capacity and dispatch, geographical diversity, decrease in capital
95 costs due to learning curves, and operational restrictions such as
96 spinning and quickstart reserve margins. They also tend to
97 focus on a narrow set of future scenarios, whereas in most of
98 these growing economies there is important uncertainty on
99 how their energy transition will be shaped. The system-level

100modeling and analytical approach employed in this paper
101produce novel results not available in the current literature and
102that challenge current conceptions on technological choices in
103fast growing power systems. Specific features of emerging
104economies’ systems like load uncertainty and growth rate,
105capacity constraints, and large endowment of renewable
106resources have not been studied integrally like we do in this
107case study for Kenya.
108This paper answers the following questions about cost-
109effective expansion pathways for the Kenyan power sector:

110• What are least cost capacity expansion routes for Kenya
111to meet its future load?
112• What is the generation and transmission costs and
113operational and environmental impacts on this expansion
114pathway of:
115• Uncertainty in load projections and future load
116shape, including the adoption of energy efficiency
117and of residential air conditioning.
118• Uncertainty in capital expenditures and opera-
119tional performance of geothermal units.
120• Uncertainty in coal generation unit capital costs.
121• The adoption of battery storage technologies.
122• Very high levels of renewable energy penetration.
123• The adoption of environmental policies such as a
124carbon tax or a zero-emissions target.
125In this paper we do not explicitly model the challenges of
126providing electricity to unconnected or underserved popula-
127tion−particularly through off-grid solutions−a topic we will
128address in future work. The Kenya government has trusted the
129Rural Electrification Authority (REA) with the task of providing
130universal access to critical facilities and trade centers across
131Kenya. The Kenya Power and Lighting Company (KPLC)

Figure 1. Modeled Kenya transmission system with location of existing and prospective projects and load zones represented by counties.
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132 the sole electricity distributor and retailerreports increase in
133 connections from 37% in 2014 to 47% in 2015.18

134 However, it is still challenging to translate these progress
135 results into load forecasts because not all inhabitants with
136 access get connections and not all connected users can
137 consume power due to affordability and reliability issues. We
138 do not capture the latter because SWITCH-Kenya enforces
139 perfect reliability at the generation-transmission level. We also
140 use a coarse estimation for load projections, as there is much we
141 do not know about the levels and spatial/temporal patterns of
142 consumption and pace of growth that different customer classes
143 will develop under different economic conditions. We do
144 include an analysis of the effect of air conditioning adoption in
145 the residential sector. A detailed load forecast tool for
146 economies with low electricity access applied to Kenya will
147 be developed as part of another paper.
148 Methods and Data. This analysis employs the SWITCH
149 long-term planning model, which has been used to simulate a
150 wide variation of power systems including North America,
151 China, Chile, and Nicaragua.19−24 SWITCH is a mixed integer
152 linear program that estimates the least cost investment
153 decisions to expand a power system subject to meeting load
154 forecast and a host of operational constraints. The model
155 concurrently optimizes installation and operation of generation
156 units, transmission lines, storage, and the distribution system
157 while meeting a realistic set of operational and policy
158 constraints (see Table S−Y1 for values of operational
159 constraints). SWITCH employs unprecedented spatial and
160 temporal resolution for each region analyzed, allowing for an
161 improved representation of variable resources like wind, solar,
162 and storage. More information on the model can be found in
163 the Supporting Information (SI).
164 The SWITCH model implemented for Kenya is based on

f1 165 using the existing 47 counties as load zones or nodes (Figure
f1 166 1). We assign existing generation units to each node based on

167 their location and sum up individual existing transmission line
168 capacity to reflect aggregate existing internodal (i.e., inter-
169 county) transmission capacities. We extract existing generation
170 capacity from the latest LCPDP report, totaling 1960 MW as of
171 2015 (approximately 25% geothermal, 35% hydro, 35% fuel oil,
172 and 5% other resources) and transmission line data obtained
173 from the Kenya Transmission Company (KETRACO) totaling
174 65 GW of transport capacity. Technologies considered for
175 expansion include solar PV with one axis tracking, wind
176 turbines, geothermal flash units, pulverized coal units, gas
177 combustion turbines, gas combined cycle units, and diesel/fuel
178 oil engines. We do include chemical battery storage as an
179 expansion option in specific scenarios to understand its impacts
180 on the power system and on the environment. We do not
181 include new hydropower expansion in this study because we
182 lack the high resolution temporal data required to appropriately
183 model reservoir stocks and flows and run-of-river production.
184 We also include neither technologies that are still in
185 demonstration phase−carbon capture and sequestration or
186 wave/tidal generation−nor technologies for which there are no
187 proposed projects in Kenya, such as nuclear reactors and
188 pumped hydropower. Also, the model does not currently
189 consider imports or exports with Ethiopia, Tanzania, and/or
190 Uganda due to absence of appropriate data to model these
191 exchanges.
192 Temporally, the model base year is 2015 and runs from 2020
193 to 2035 in 5 year increments or “investment periods”. This time
194 frame matches the latest expansion master plan issued by the

195Ministry of Energy and Petroleum.25 The model makes
196investment decisions for each of these four periods (2020,
1972025, 2030, and 2035) and determines optimal dispatch for the
198operation of power plants in each hour of those periods. Each
199period is composed of 12 representative months that roughly
200reflect an average month on a given year. Each month is
201represented by its peak day (the day when peak monthly
202demand occurs) and a median demand day. Each day is
203simulated with its full 24 h. The model then makes hourly
204generation, transmission, and storage dispatch decisions for 576
205h per investment period, or 2304 total hours. This sampling
206method captures adequately peak demand requirements, but
207may fail to fully account for all the energy required for a
208continuous period of months or years. This is particularly
209relevant for energy constrained power systems that rely on
210hydropower or that deploy large energy storage capacity. This
211is not the case for most of the scenarios we simulate, but still
212further testing in high temporal resolution production cost
213models is necessary to ensure that energy consumption is met
214over extended periods of time.
215We create load forecasts from annual peak demand and
216energy country-level sales forecast data by customer class
217extracted from Kenya Power and Light Company’s (KPLC)
2182013 Distribution Master Plan. While there are more recent
219load forecasts in LCPDP documents, the KPLC forecast is the
220only one specified by customer class. We estimate a daily hourly
221profile for each customer class that matches their expected load
222factor. We estimate average daily energy use from the annual
223consumption and modulate it by these daily hourly profiles to
224create hourly loads (see SI Figure S1). This method omits
225intra-annual heterogeneity, but seasonality in Kenya demand is
226relatively low and we believe it adequately represents an
227expected load duration curve (see SI Figure S2). To assign this
228country-level load geographically to SWITCH load zones, we
229use a specific method depending on the customer class.
230Residential and streetlight demand is distributed based on
231county population and urban/rural share as reported in the
232Kenya 2009 census. Industrial and commercial demand is
233allocated to each county based on their regional secondary and
234tertiary GDP as estimated by the World Bank.26 Hourly profiles
235are conservatively maintained through the projected forecast.
236However, we do estimate future air conditioning adoption at
237the residential level, its effect on hourly consumption, and its
238impact on capacity expansion decisions. Details of the method
239can be found in the SI.
240Finally, “flagship” projects are specific industrial and
241technological initiatives supported by the Government of
242Kenya as part of their Vision 2030 program. We treat these as
243industrial loads for our forecasting purposes and allocate them
244by total county population, assuming that counties with larger
245population will have the human capital to host these projects.
246The KPLC forecast implicit growth rate is roughly 10% per year
247and starts from 2012. We compare the first few years of the
248forecast against actual energy and peak demand and find that
249actual growth is closer to 8%. We then adjust the base load
250forecast projection for all load zones to this level.
251Fuel price forecast can have an important impact on the
252choice of future resources. We use the most recent World Bank
253commodity price forecasts for coal, oil (for diesel and fuel oil),
254and liquefied natural gas (LNG).27 On average, coal price is
255$50/ton, oil is $50/bbl and natural gas is 9−12 $/MMBTu (see
256SI Figure S3). For natural gas we develop a supply curve that
257reflects the incremental investment costs in expanding the
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258 gasification terminal for LNG imports. These costs are
259 estimated in 1.5 $/MMBTu for each additional 3 MMm3/day
260 of maximum gasifying capacity. We use a diesel premium of
261 0.002 $/MMBTu-km to reflect intracountry transportation
262 costs to each different county, as calculated from the 2013
263 LCPDP. This version of the study does not include the use of
264 biomass as a fuel to produce electricity, largely due to the
265 absence of a proper market price for this fuel. Biomass share of
266 generation capacity is currently about 1.5%.28

267 Capital cost for nonconventional technologies such as PV
268 and wind may decrease in the future. We extract PV cost
269 forecasts from a 2015 study developed by the German
270 Fraunhofer Institute.28 Wind, combined cycle, gas turbine,
271 combustion turbine, and coal unit costs come from a 2013
272 report by the U.S. Energy Information Administration.29 The
273 costs for fossil-fuel based generation are fairly stable given the
274 maturity of these technologies. For wind we assume a linear
275 trend in capital cost reduction of 2% per year, in line with
276 empirical results.31 Geothermal unit costs depend importantly
277 on their location. We use a list of prospective projects with their
278 expected capital expenditure as reported in the 2013 LCPDP to
279 assign a different cost to each geothermal project depending on
280 its location. This essentially produces a supply curve for
281 geothermal plants that recognizes the higher cost of
282 prospecting, exploring, deploying, and operating geothermal
283 units in certain locations (see SI Figure S4). We derive costs for
284 battery storage from the midscenario in Cole et al. (2016), with
285 estimates at 0.7 $/W and 488 $/kWh in the current year
286 decreasing to 0.5 $/W and 192 $/kWh by 2035.32 Capital,
287 variable nonfuel, and fixed costs for all technologies are shown
288 in SI Table S2. Costs are discounted with a 7% rate, which
289 corresponds to the median historical central bank rate as
290 reported by the Kenya Central Bank. We test 3% and 11%
291 discount rates and find no changes in our results due to the
292 short time span of the simulations.
293 Wind and solar PV technologies require hourly capacity
294 factors for at least a year for SWITCH’s dispatch module. We
295 use NOAA meteorological data for 26 stations in Kenya that
296 record global horizontal and direct normal radiation, wind
297 speed and direction measured at 10 m, dry bulb temperature,
298 and atmospheric pressure (for location see Figure 1). We
299 employ NREL’s System Advisor Model to simulate the hourly
300 production of a PV module with tilt equal to the latitude of the
301 station. Wind turbine power curves are used to determine
302 average production for each hour based on 15 years of hourly
303 wind speed at an adjusted hub height of 100 m and
304 meteorological data. We finally translate production for both
305 solar PV and wind turbines into capacity factors ranging from 0
306 to 1. We select 18 wind locations to site 600 MW projects and
307 23 solar locations to site 800 MW projects for a total technical
308 potential of 10.8 GW of wind and 18.4 GW of solar PV,
309 respectively.
310 Scenarios. Forward looking models like SWITCH-Kenya
311 have little to no empirical evidence to be calibrated against.
312 Therefore, their proper use is for within-model comparisons
313 through scenario based analysis. The assumptions described in
314 the preceding section produce a base case scenario or business-
315 as-usual (BAU). The outcome of this scenario should not be
316 interpreted as the most likely pathway for future power system
317 development, but as a benchmark given the assumptions that
318 we are making about the different variables and their
319 projections. The remaining scenarios are created to provide
320 answers to the research questions presented in the

321introduction. A list of scenarios and brief description is
322 t1shown in Table 1 and detailed key parameters are shown in
323SI Table S4.

324Geothermal Energy. Geothermal energy is the largest
325energy source technically available in Kenya and may be the
326most relevant resource for domestic power system expansion.10

327The SWITCH-Kenya model includes over 8 GW of potential
328new geothermal capacity. While the technology is relatively
329mature, the risks involved in the exploration and operation of
330specific wells make final capital costs and capacity factors
331uncertain.33 We test the impact of higher than expected capital
332costs by shifting up in 30% the base supply curve. Separately,
333we test the impact of reduced and declining capacity factors due
334to lack of maintenance. The base capacity factor assumption for
335new geothermal is 94%, consistent with current flash steam
336technologies.34 The sensitivity is run with a base capacity factor
337of 85% that declines 0.5% per year from the start of operation
338of a given project. We test two additional scenarios with half of
339the base case technical potential (4 GW instead of 8 GW). In
340one of these two scenarios we also allow the deployment of
341storage.
342Load forecast. Load growth is the most impactful variable
343for power system planning.35 There is high uncertainty for load
344growth in fast growing and emerging economies that have large
345portions of their population without access to electricity and
346whose commercial and industrial activities are incipient and
347much more sensitive to economic performance. As mentioned,
348we already adjusted downward the original load forecasts
349developed in the 2013 KPLC Master Distribution Study report.
350We then test three possible scenarios for deviations in load (see
351SI Figure S5):

352• First, we assess a case with similar energy consumption
353but lower load factors for all customer classes. The
354original load factors are 42% for urban and 36% for rural
355residential consumers and 83% for commercial/industrial
356and flagship projects. The resulting system level load

Table 1. Scenarios Used in the Simulation

scenario name definition (expressed as variation from the BAU scenario)

BAU none
LowLF same energy consumption but lower load factor across all

customer classes
LowLoad reduced energy consumption, from implementation of

energy efficiency policies across all customer classes
HVAC alternative load forecast that includes adoption and use of

air conditioning by urban residential customers
HighGeoCost higher geothermal investment costs by 30%
LowGeoCF lower and decreasing capacity factor from new geothermal

plants
RedGeo halve the technical potential of new geothermal
RedGeoSto halve the technical potential of new geothermal, include

storage as “storage” scenario
Storage allows up to 1 GW storage projects in each of the 8 largest

load zones
LowCoal lower investment cost for coal generation, 70% of base cost
CarbonTax-30 apply a $30/tonCO2 carbon tax to fossil fuel based

generation
CarbonTax-10 $10/tonCO2 carbon tax to fossil fuel based generation
ZeroCO2 zero emissions from 2030, include storage as ″Storage″

scenario
ZeroCO2Sp zero emissions from 2030, include storage as “Storage”

scenario and also constraint spilled energy to 5%
maximum
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357 factor is 64%. The sensitivity is run with 30% and 20%
358 load factor for urban and rural residential load,
359 respectively, and 66% for commercial/industrial, for a
360 system load factor of 55%. This translates into ∼10−15%
361 higher peak demand for the sensitivity scenario
362 compared to the base case scenario.
363 • Second, we assess the impact of more efficiency growth.
364 The base case of 8% average annual load growth is tested
365 against a more efficient annual growth of 5%.
366 • Lastly, we use a simple model of air conditioning
367 adoption and use at the residential level to assess its
368 impact on system expansion and operation (see SI for
369 the methodology)

370 Coal Power. Kenya is considering the use of domestic or
371 imported coal to install and operate new generation units in
372 Lamu and Kitui counties. There is strong resistance from
373 environmental groups and local stakeholders to the adoption of

374this technology due to environmental and economic concerns.
375We run a sensitivity analysis on capital cost for coal plants to
376test how it impacts adoption. The base capital cost for a single
377unit advanced pulverized coal plant is $3246/kW and the lower
378sensitivity cost is $2435/kW, 70% of the base cost. This value is
379the average of an alternative capital cost included in NREL’s
380study of $2890/kW36 and the expected cost for these coal
381projects as reported in the 2013 LCPDP of $2000/kW. We do
382not use this reported cost directly for several reasons. First, the
383reported cost at $2000/kW is much lower than any other
384international benchmark. Second, the country has no
385experience with coal plant deployment and the expected cost
386may be optimiztically lower than the actual cost. Finally, the
387reported cost does not account for the additional infrastructure
388required to install the coal plant, which includes a railway, a
389port, and a dedicated transmission line to connect to the Kenya
390power system.

Figure 2. Cumulative generation capacity expansion for BAU scenario (A) and difference in cumulative generation capacity expansion for all
scenarios when compared to BAU (B).

Figure 3. Average annual CO2 emissions for selected scenarios by investment period.
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391 Storage. We run a scenario with battery storage units to be
392 deployed in the main load centers. For this, we select the 20%
393 of load zones with higher peak demand in the base load forecast
394 scenario and allow the model to install up to 1 GW of storage
395 on each site. We test whether the model chooses to deploy
396 storage technologies and, if so, its capacity (GWh), discharge
397 rate (GW), how it is operated, and what its economic impact is.
398 Storage operation is simulated using a “circular” approach. This
399 means that the charge at the end of the day matches the one at
400 the beginning of the same day. This conservative approach does
401 not require a prespecified initial storage level, but does require
402 further testing in more detailed models than SWITCH-Kenya
403 to verify adequate system operation.
404 Climate Policies. We finally test two sustainable growth
405 scenarios based on climate policy constraints. In the first, we
406 run the model twice with a $10/ton and a $30/ton of CO2
407 carbon tax respectively, passed as a fuel adder based on carbon
408 content for fossil fuels. In the second we use a carbon cap to
409 test the impact of a zero-emissions policy by 2030. The design
410 of the tax policy is based on average social costs of carbon as
411 found in the literature.37,38 The carbon cap does not have
412 empirical support, but we want to stress-test the power system
413 by forcing zero direct CO2 emissions by 2030.

414 ■ RESULTS
415 The BAU expansion relies heavily in geothermal, natural gas,
416 and wind technologies, which in total comprise over 70% of

f2f3 417 installed capacity and 90% of energy generation (Figures 2 and
f3 418 3). In this scenario geothermal reaches 3 GW of installed

419 capacity by 2020 and 8 GW by 2035, using almost all the
420 available technical potential. Wind power shows a steady
421 progression from around 1 GW in 2020 to 6 GW in 2035.
422 Diesel capacity remains relatively high and grows from 2 to 4
423 GW in the period analyzed. The base expansion is relatively low
424 on emissions, totaling ∼50 MT/CO2 in the analysis period or
425 ∼2.5 MT/CO2-yr. The average levelized cost of generation and
426 transmission for the BAU scenario is ∼82 $/MWh. Our BAU
427 results are consistent with similar projection efforts developed
428 in Kenya (see SI).
429 Scenarios that perform geothermal generation sensitivities
430 are very relevant to gauge the future of the Kenyan power
431 sector given its important role in the base case and overall
432 abundant potential. Higher than anticipated geothermal costs
433 would lead to delayed adoption of this technology, but would
434 still reach the same 8 GW as in the base case by 2035. Wind
435 power is the preferred least cost resource to replace the delayed
436 geothermal capacity, with an expansion 20% higher than the
437 base case (Figure 2). Higher geothermal investment costs
438 translate to approximately 4 $/MWh additional average
439 levelized cost, or a ∼ 6% increment (SI Figure S7).
440 The effect of degradation in the capacity factor for new
441 geothermal plants is different than the impact of higher
442 investment costs. The energy mix for this scenario is essentially
443 the same as the scenario with higher costs (SI Figure S10).
444 However, the cumulative effect of reduced production requires
445 the adoption of around 1 GW of coal capacity by 2035.
446 Consequentially, this scenario has ∼50% more CO2 emissions
447 (Figure 3). The cost impact is similar on average, but as
448 production degradation is higher in older plants, these costs
449 tend to rise toward the end of the analysis period.
450 Our base assumption for portfolio availability is that there are
451 ∼8 GW of technically feasible capacity in Kenya. We test the
452 impact of developing only half of this capacity or ∼4 GW,

453which we implement by halving the maximum capacity of each
454of the 23 geothermal projects that the model can develop. We
455find little to no change in the capacity installed during the first
456two investment periods (Figure 2). However, once the available
457capacity is exhausted the expansion relies importantly in wind
458and natural gas in 2030 (about 4 GW) and coal in 2035 (about
4593.5 GW). The levelized cost of these alternative pathways are
460on average 10 $/MWh higher than the base case in the two
461latter periods (SI Figure S7). Transmission costs are
462particularly relevant in 2030, as transmission capacity is
463required to enable the adoption of over 2.5 GW of wind in
464that period.
465We simulate a variation of the above scenario by adding
466battery storage units to the portfolio of eligible projects, but still
467maintaining the restricted geothermal portfolio at half its base
468capacity. We want to test whether the availability of storage
469could delay or reduce the adoption of coal based generation.
470The hypothesis is that battery storage may enable higher cost-
471effective wind adoption by providing flexibility to the system.
472Indeed, the adoption of ∼13 GWh of storage capacity at ∼3.7
473GW average discharge rate is correlated with a reduction of coal
474generation capacity to less than a third the original value and an
475increase of wind capacity of 80%. Diesel capacity additions are
476also reduced as a result of a systemic interaction between
477storage and diesel generation that will be discussed later.
478Load forecasting is very challenging for fast growing
479economies because there are many uncertainties on the types
480of energy services that the economy will demand, how they will
481be used in time, and who will have access to them. We test the
482impact of an “energy efficient” scenario in which electricity
483demand grows slower for all customer classes. The impact of 3
484percentage points reduced growth (from 8% in the base case to
4855%) is to install roughly 8 GW less of total capacity by 2035, as
486much as a third of the total capacity installed in the base case.
487Geothermal energy continues to be the least cost preferred
488resource and produces on average 75% of the generation during
489the analysis period. In contrast to the energy efficiency scenario,
490the impact of a lower than expected load factor is reflected in
491larger capacity expansion requirements for up to 4 GW or 20%
492of the base case. The expansion is in line with the 15% higher
493peak demand that lower load factor produces (SI Figure S5).
494Our analysis of urban residential HVAC adoption reveals no
495significant impact on peak demand (SI Figure S6). We estimate
496about 5% increase in midday demand by 2035 due to
497residential HVAC use compared to the BAU scenario.
498Interestingly, the improvement in system load factor due to
499the additional energy results in earlier geothermal power
500adoption, delayed wind capacity adoption, and reduced oil and
501natural gas capacity at the generation level.
502The BAU scenario results do not include coal power
503expansion as a preferred least cost resource. Coal power has
504only been deployed so far in scenarios with rather extreme
505conditions, such as halving the technically available geothermal
506capacity or degrading geothermal performance. We test further
507the role of coal by testing a scenario with low capital costs for
508this technology. We find that a cost 30% lower than the base
509case has a modest impact on the adoption of 1 GW of coal
510generation by 2035 only. The largest systemic impact of
511adoption of coal is reduced need in transmission construction
512due to the displacement of more remote wind projects. In none
513of the scenarios analyzed in this paper coal generation was
514adopted before 2030.
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Figure 4. (A,B) Hourly dispatch for a representative day in May 2035 for all scenarios (panels A and B). Load is the same for all scenarios with the
exception of the “LowLoad” and “HVAC” scenarios. The negative orange areas in some scenarios represent storage charging, which also appears as
positive when it is discharging into the grid.
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515 Battery storage has important cost reduction impacts due to
516 the displacement of oil and natural gas generation and
517 providing flexibility for the adoption of additional relatively
518 inexpensive geothermal baseload. We estimate savings of
519 around 15 $/MWh or 15% of average levelized system costs
520 (SI Figure S7). 13.5 GWh of storage capacity at 3.8 GW
521 discharge rate are installed by 2035−for an average of 3.5 h of
522 storage, about 15% of the total installed capacity of 22.6 GW
523 for the “Storage” scenario (Figure 2). Geographically, this
524 storage is initially installed close to the major load centers in
525 Nairobi and Kiambu counties, but by 2035 there is storage
526 capacity installed in all possible load zones.
527 We find that both levels of carbon tax at $10 and $30/
528 tonCO2 have a negligible effect in the resource expansion
529 choices. An interesting outcome is that in both cases there are
530 minimal reductions in wind power adoption compared to the
531 BAU scenario. This is possibly due to the reductions in oil
532 based generation triggered by the carbon tax and subsequently
533 with the reduced flexibility in the system to absorb variable
534 wind generation. In addition, we verify that these tax levels have
535 no impact in emissions reductions compared to the BAU
536 scenario (Figure 3). More interesting results appear in the “zero
537 emission” set of scenarios, in which we require the Kenyan
538 power system to have zero emissions by 2030. The first
539 implementation of this restrictionthat did not allow
540 storagehad no feasible solutions because without oil or
541 natural gas generation the system did not have a large enough
542 source of spinning reserve to operate reliably. To address this,
543 we implement the “ZeroCO2” scenario with the same storage
544 options as in the “Storage” scenario. We find that the power
545 system substitutes natural gas and oil based generation with
546 storage, geothermal, and wind power to achieve zero emissions
547 in 2030. 470 MWh of storage is installed in 2020, increasing to
548 over 21 GWh by 2035 with a discharge capacity of 6.1 GW for
549 3.5 h of average storage.
550 The “ZeroCO2” scenario results in significant levels of spilled
551 energy of 8% to 13% per year. Spills may be socially optimal
552 under highly constrained conditions as the ones we are
553 simulating. However, in many power systems with functioning
554 markets, operators and project developers would not tolerate
555 those levels of curtailment. We test a scenario in which
556 curtailment is constrained at a 5% maximuma reasonable
557 threshold based on BAU curtailmentto assess its effects on
558 the resulting expansion. The effect of this constraint is largely to
559 promote earlier and more aggressive adoption of storage. This
560 larger adoption of storage does not have a tangible effect in the
561 choice of investments for other technologies, but does affect the

f4 562 system operation (Figure 4). The hourly dispatch shown in
563 Figure 4 reflects how storage is charged in the night using
564 baseload geothermal and available wind capacity, and then
565 entirely discharged to meet the evening peak. The levelized
566 costs of this alternative are 10%−15% higher than the scenario
567 with socially optimal spills, in the range of 3−7 $/MWh (SI
568 Figure S7). We also find an increase in the number of hours
569 with zero short-term marginal costs in high renewable energy
570 penetration scenarios compared to BAU (SI Figure S11).
571 We measure the environmental impact of different selected
572 scenarios through their CO2 emissions. The BAU scenario for
573 Kenya shows an 8-fold increase in emissions from 0.7 to 5.5
574 MTCO2/yr (Figure 3), although the carbon intensity only
575 increases from 20 kgCO2/MWh to 50 kgCO2/MWh (SI Table
576 S3). The increase in emissions in the power system is led by
577 adoption of natural gas units. Scenarios in which geothermal

578power is not fully available are the most polluting due to coal
579generation adoption: lower geothermal capacity factor due to
580lack of maintenance can lead to double the BAU emissions by
5812035 and a restricted geothermal portfolio to four times BAU
582emissions by 2035. In contrast, energy efficiency and storage
583adoption can lead to three to four times less emissions than
584BAU. In both these cases the implicit carbon price is negative:
585these scenarios are more cost-effective and also less polluting.
586The stringent “ZeroCO2” scenario with restricted spills achieves
587zero emissions from 2030 at an average implicit cost of $60 to
588$140/tCO2.
589We put these results in perspective by estimating per capita
590emissions for the Kenya power system using population
591projections from the United Nations Department of Economic
592and Social Affairs.39 Climate stabilization targets suggest
593average per capita emissions between 1 and 2 tCO2/yr.

40,41

594Based on data from the World Bank, we estimate that the
595electricity sector was responsible of 25% to 50% of total direct
596country level emissions in 2008. The lower range corresponds
597to low income economies and the upper range to OECD
598economies, although there is large variance within each income
599group. Then, a rough approximation for climate stabilizing per
600capita emissions from the electricity sector should be in the
601range of 0.25 to 1 tCO2/yr. In almost all scenarios the Kenya
602power system is well below this range, with BAU emissions per
603capita of 0.08 tCO2/yr by 2035 (SI Table S3). The restricted
604geothermal portfolio scenario produces the largest value of
605emissions per capita of 0.35 tCO2/yr, still within the acceptable
606range. These results do not contemplate a potential massive
607electrification of end uses due to new technology diffusion and
608adoption, which may increase the pressure for low carbon
609system development.

610■ DISCUSSION
611The Kenyan power system expansion reflects critical inter-
612actions between technologies and across input variables that
613apply to several fast growing and emerging economies in SSA
614and possibly elsewhere. In this section we highlight these
615interactions and how policy making could foster and enhance
616system level planning in Kenya to achieve sustainable growth.
617Our recommendations cover geothermal operation subsidies,
618integration of variable renewable resources, the role of storage
619and flexible generation such as diesel and natural gas, and the
620importance of forward looking transmission expansion.
621A Kenya-specific result is related to geothermal plant
622investment cost levels and the importance of appropriate
623maintenance routines and standards. Higher investment cost
624does substitute geothermal, mostly for wind power. There are
625several phases in geothermal investment, starting with
626prospective exploration and test well drilling up to plant
627construction and operation. Higher cost for geothermal may
628then arise from unexpected exploration expenses as well as
629additional construction costs. Our results suggest that subsidies
630for geothermal investments may not be completely justified
631from a sustainability perspective, as the alternative pathway has
632equally low carbon intensity. However, subsidies and state
633involvement in the initial phases would probably still be
634relevant from a risk management perspective.
635We show that even a small annual degradation in geothermal
636production performance has relevant long-term impacts in
637terms of resource choices. Performance of geothermal plants
638may have a larger effect than initial capital cost outlays,
639particularly from a sustainability perspective due to coal
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640 substitution in Kenya. Well casings and reservoir management
641 are two critical sources of potential decrease in performance
642 when not developed adequately. Higher standards for both
643 processes and adoption of world-class practices may raise
644 upfront costs. However, we show that these increases in cost
645 have a lesser effect when compared to performance degradation
646 in the long run.
647 A system level analysis is important to capture dynamics that
648 otherwise are missed, particularly if they are not intuitive. We
649 find that when geothermal potential is halved, over 75% of the
650 gap can be filled with a nonbaseload resource such as wind
651 when storage is available. While the model employs battery
652 storage and diesel peakers in other scenarios, it is very possible
653 that the same flexibility services could be provided with new
654 reservoir hydropower if it was available. Restrictions in dispatch
655 on hydropower would probably require larger installed capacity
656 to provide equivalent performance as dedicated battery storage.
657 However, we find that the large amounts of variable resources
658 can be integrated with relatively modest amounts of storage
659 capacity. Then, even in the absence of battery storage, Kenya
660 should be able to integrate large amounts of variable renewable
661 resources using existing and potentially new reservoir hydro-
662 power in addition to the transmission expansion required to
663 mobilize this power.
664 Storage can play a very important role in the future Kenyan
665 power system by reducing the use of fossil fuels, particularly
666 natural gas and diesel. This has an important impact on costs,
667 with savings of 10 to 15 $/MWh, as storage enables the
668 adoption of cost-effective resources that would otherwise would
669 not be adopted due to operational restrictions in power
670 systems. In scenarios with very tight emissions constraints,
671 battery storage was indispensable for the system to operate
672 within feasible regimes. The adoption of battery storage has
673 also important distributional consequences: it enables the
674 adoption of higher capital intensive nondispatchable technol-
675 ogies such as wind and geothermal in lieu of dispatchable ones
676 like diesel and natural gas generation. In these cases up to 90%
677 of the system cost will be in capital, compared to 60% in the
678 base case. This can have important implications for the trade
679 balance of countries that import liquid fuels and also makes the
680 power system and the economy more resilient to shocks and
681 volatility in liquid fuel prices.
682 Flexibility is and will be an even more critical feature of
683 future power systems with high penetration of variable
684 resources and high load forecast uncertainty.39 We inspect
685 the role that oil based capacity may have in future of fast
686 growing and emerging economies power systems by comparing
687 its installed capacity against that of wind (SI Figure S9). When
688 storage is not available, there is very high correlation between
689 higher levels of wind capacity and higher levels of oil based
690 generation capacity. The role of oil based generation as a key
691 ancillary service and flexibility provider has been largely
692 neglected both in the literature and electricity regulatory
693 frameworks, with many countries making important efforts to
694 decommission their existing oil based generation capacity as a
695 sign of “progress”. Our results suggest that market mechanisms
696 should be designed to encourage diesel, fuel oil, and potentially
697 natural gas generation capacity to be available to system
698 operators to provide these services as well as meeting peak load.
699 While availability of storage will reduce the need for oil based
700 generation, in the short and medium term this will continue to
701 be a key source for flexibility. These results are not advocating
702 for increase in oil based electricity production. Oil based

703generation used for ancillary services and resource adequacy
704supplies only between 0.5% and 1% of total energy in any
705scenario. This translates to 40−80 h of annual operation,
706roughly 500 times less than current diesel operation hours in
707Kenya.
708We believe the proposed operational strategy for diesel based
709generation has low environmental impacts compared to system-
710level benefits. However, additional research using air quality
711and pollution dispersion models is required to assess the
712potential local and regional impacts of oil based generation. We
713design a set of additional scenarios in which we remove diesel
714generation from the portfolio to assess the economic impact of
715its moratorium in Kenya. This economic impact is an upper
716bound for willingness to pay for no diesel generation. We find
717that in the absence of storage, coal generation is adopted in
7182035 to meet peak demand, with significant spilled energy,
719increased CO2 emissions, and an additional system cost of 9−
72010 $/MWh. If storage is available, there is a 2−4 $/MWh
721increase in cost compared to a storage scenario that allows
722diesel generation. A no-diesel expansion path would be
723reasonable if Kenyan authorities determined that the marginal
724damage of diesel generation is above the 10 $/MWh level.
725More details of these simulations are available in the SI.
726Another key provision of flexibility in power systems is
727transmission capacity expansion. Our results suggest that the
728Kenyan transmission system needs to grow 3 to 4 times in
729capacity by 2035 in all scenarios. However, the transmission
730expansion depends on the assumptions and conditions that
731affect the whole system (SI Figure S8). A lower load factor than
732expected would require additional transmission capacity in
733excess of 40% to 50% of the base case expansion to meet the
734new higher peak load. In contrast, the energy efficiency scenario
735produces capacity savings in transmission expansion of over
73625% compared to the BAU scenario. These large fluctuations in
737transmission capacity do not necessarily translate into
738significant costs, largely because of the low cost of expanding
739the transmission system in Kenya. We identify critical specific
740transmission corridors like the Nyeri-Kiringaya-Embu con-
741nector running through the center of the country to evacuate
742geothermal power to the load centers. Our results suggest that
743specific corridors should be prioritized through anticipated
744construction to allow the development of least cost generation.
745These interactions between transmission and generation should
746be a central component of least cost planning activities lead by
747the Kenyan Government.
748The load uncertainty analysis reveals the potential effect of
749demand response (DR) and other policies that shape hourly
750profiles through automation and consumer behavior. Energy
751efficiency policies would save up to $30/MWh by 2035 or
752almost a third of the original average cost. This average cost of
753saved energy suggests there may exist plenty of cost-effective
754opportunities for the Kenyan system to use energy efficiency as
755an effective tool to meet load needs in the future. The “LowLF”
756scenario provides insights on the potential effects of DR. The
757shape of the hourly profile in the alternative load factor scenario
758is created by increasing the peak demand and decreasing the
759shoulder−middle of the day−and off peak demands. This has
760an interesting effect in the case of Kenya, where there is high
761wind availability in the shoulder hours. Higher demand in
762shoulder hours is met by existing wind capacity, saving about
76315% of costs compared to the BAU scenario in the form of
764reduced natural gas generation that was originally dispatched in
765the late afternoon. This is a very specific result that depends
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766 largely on our assumptions for the shape of the alternative low
767 load factor hourly profile. However, it does suggest how
768 displacing demand to match generation profiles for non-
769 dispatchable resources that are already committed may create
770 cost reductions. It also shows that DR programs may not
771 necessarily be aimed to reduce peak demand, but also to match
772 load profiles with generation profiles from nondispatchable
773 resources. The balance of these two dissimilar objectives is an
774 open area of research.
775 An unexpected result is the absence of solar power
776 investment on any of the resource expansion scenarios. This
777 is unexpected because solar power has been a widely adopted
778 off grid solution through solar home systems.43 In the case of
779 Kenya, we believe the absence of utility scale solar may be
780 justified by (i) the large potential of geothermal energy with
781 lower levelized costs, (ii) the relatively better quality of the
782 wind resource as a zero carbon source, and (iii) the low
783 capacity value of solar photovoltaic in an economy with an
784 evening peak throughout the year. These conditions are specific
785 to Kenya and other SSA countries could still find solar PV cost-
786 effective in the absence of other low carbon alternatives.
787 Widespread adoption of air conditioning may shift the peak
788 demand toward midday and enhance the capacity value of solar
789 PV, making it a more cost-effective resource. Our results,
790 however, suggest that by 2035 adoption will not be high
791 enough to significantly increase the capacity value of solar PV.
792 Several shortcomings that stem from uncertainties and
793 simplifications of the model and data could be addressed in
794 future research to strengthen these conclusions. Among them,
795 we find a need for better load forecasting tools, improved
796 transmission representation to assess congestion conditions,
797 intrahourly assessments for variable resources−particularly
798 wind power−and incorporation of demand response and
799 other demand side resources. A deeper assessment of locational
800 environmental impacts of each technology, particularly diesel
801 and natural gas, is required.
802 Technological developments are expected to continue
803 lowering the costs of low and zero carbon emission
804 technologies. As our expansion modeling exercise shows,
805 most of these technologies will be the basis for expansion in
806 emerging economy’s power systems. Critical environmental
807 impacts will be related to the ability of these economies to cost-
808 effectively and efficiently tap and integrate into these resources.
809 Our results show that for Kenya delays or cost overruns in
810 geothermal development lead to increases in both costs and
811 carbon emissions due to adoption of coal generation. In
812 contrast, adoption of storage and energy efficiency reduces
813 emissions and costs through less use of natural gas and diesel.
814 In a low carbon system, reaching the zero-carbon milestone by
815 2030 with technical feasibility will still be relatively expensive at
816 $60−140/tonCO2. This suggests two strategies. First, the
817 burden of mitigation should be borne by regions and
818 jurisdictions with existing carbon intensive systems, possibly
819 through environmental policies. Second, fast growing and
820 emerging economies should focus on cost-effective develop-
821 ment of their renewable resources, possibly through targeted
822 technology subsidies, market design, and capacity building. Refs
823 30 and 42.
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