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ABSTRACT:
In 2016, almost 80% of Kenya’s current electricity production came from renewables, mainly
relying on hydro and geothermal resources. Both of those resources are subject to dynamics that affect
utilization. In the case of geothermal resources excessive utilization can lead to production capacity
losses. In the case of hydro resources climate change can reduce their availability. This paper
investigates what the implications of the dynamics of those two renewable resources are for short- and
long-term (sustainable) electricity system planning in Kenya. A demand driven bottom-up model
representing the most prevalent technologies of Kenya’s future electricity system, including geothermal
and hydro dynamics, is used to run a total of eight different scenarios, varying in electricity demand
and which resource dynamics are considered. Results show that in the long-term more installed capacity
is necessary when geothermal and hydro resource dynamics are considered because of losses in
production capacity. However, additional installed capacity does not translate into more production but
leads to higher cost. The current power plan for Kenya and other electricity models do not address this
issue. Unsustainable use of geothermal resources, if not addressed can lead to temporary depletion of
the geothermal reservoirs with significant economic and sustainability related consequences.
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1 Introduction
The aim of United Nations Agenda 2030 Sustainable Development Goal 7 (SDG7) is to
“ensure access to affordable, reliable, sustainable, and modern energy for all” (United Nations,
2018). It acknowledges the importance of energy in shaping (sustainable) development as it is
one of the key factors for achieving socio-economic development but also is one of the main
drivers of climate change (Pachauri et al., 2012; Rao et al., 2014; Steffen et al., 2005;
Steinberger and Roberts, 2010; United Nations, 2018). Hence, the challenge is to develop an
energy system that supports socio-economic development and mitigates climate change. This
is also the case for Kenya, since its government aims at transforming the country into a “newlyindustrialising, middle income country providing a high quality of life to all its citizens in a
clean and secure environment” as it is stated in Kenya Vision 2030 (Government of Kenya,
2018). While no specific goals for the energy system are defined, its development is a part of
the foundation for being able to achieve the goals defined in the economic, political and social
pillar of Kenya Vision 2030 (Gainer, 2015). The Kenyan government addresses energy related
issues and defines related goals in the Least Cost Power Development Plan (e.g. (Lahmeyer
International, 2016; Republic of Kenya, 2018)), which is published bi-annually.
In 2016, electricity accounted for 4% of total final energy consumption in Kenya. In 2015,
94% of urban population and 14% of rural population had access to electricity (Ogeya et al.,
2018). The Kenyan government sees development of the electricity system as one of the key
elements in Kenya’s future development strategy. On the one hand, 100% electrification by
2030 is defined as one of the main goals in the Sustainable Energy for All – Kenya Action
Agenda and is one of the key scenarios of future electricity expansion plans (Lahmeyer
International, 2016; Republic of Kenya, 2018; SE4ALL, 2016). On the other hand, electricity
expansion is prerequisite for a number of flagship projects in Kenya Vision, which are
supposed to boost economic development (Government of the Republic of Kenya, 2007;
Lahmeyer International, 2016; Republic of Kenya, 2018).
Kenya is endowed with significant renewable resources (Republic of Kenya, 2018). In
2016, almost 80% of the country’s electricity production came from renewables, mainly hydro
(34%) and geothermal (43%) resources (OECD/International Energy Agency, 2018). Although
those renewable resources have several advantages over fossil fuels for electricity generation,
they are subject to variations in resource availabilities, which can influence their sustainability
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in the long run. Yet, the impact of renewable resource dynamics on the electricity system is not
fully represented in many existing power system planning models on regional and global level
(de Boer and van Vuuren, 2017a; Mondal et al., 2017; Shafiei et al., 2016; Shmelev and Van
Den Bergh, 2016). Energy and electricity system models applied to Kenya mainly dealt with
assessing low carbon pathways and macro-economic effects of different scenarios (e.g.
(Carvallo et al., 2017; Ogeya et al., 2018; Willenbockel et al., 2017)) or investigated what the
optimal combination of on- and off-grid electrification was in Kenya (e.g.(Moksnes et al.,
2017; Zeyringer et al., 2015)). While all of the studies follow the least cost optimization
strategy, which is also endorsed by the Kenyan government, not all of them consider the effects
on cost caused by specific characteristics of renewable resources. Some of the models are able
to capture individual effects of the specificities of renewables, such as the variability of solar
radiation, water or land constraints. However, geothermal resource dynamics are usually not
considered explicitly in the models applied to the Kenyan case and only few consider the
characteristics of hydro. Considering the current and anticipated large share of hydro and
geothermal resources in total electricity generation in Kenya, it is important to capture the
dynamics of those renewable resource and their impact on the sustainability of the electricity
system, when planning for the future (Lahmeyer International, 2016). Hydro resources are
highly climate dependent and geothermal resources can exhibit drawdown if utilized
excessively for power production (Juliusson et al., 2011; Tarroja et al., 2016; Turner et al.,
2017).
The focus of this paper are the effects of hydro climate change dynamics and geothermal
resource utilization dynamics, which will be referred to as either resource dynamics, for both
of them, or hydro/geothermal resource dynamics, when referring to them individually. The
main research question of this paper is: What are the implications of hydro and geothermal
resource dynamics for short- and long-term (sustainable) electricity system planning in Kenya?
This question is answered by exploring the effects of hydro and geothermal resource dynamics
on the government’s plans of expanding Kenya’s electricity system and the implications for
sustainable development are discussed.
A demand driven least cost optimization bottom-up model representing the most prevalent
technologies of the Long-term Least Cost Power Development Plan 2017 (see (Republic of
Kenya, 2018)) for the Kenyan power sector is developed. To evaluate the impact of resource
dynamics in different contexts, eight scenarios are run that differ in level of demand and to
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what extent resource dynamics are. The outcomes for energy system output variables are
analysed and sustainability implications drawn.
The remaining part of this paper is structured into 5 sections. In Section 2, the background
of renewable resource dynamics focusing on hydro and geothermal resources is presented. In
Section 3 materials and methods of the study are provided. This includes a presentation of the
electricity system model used to assess the implications of renewable resource dynamics in
Kenya, data assumptions and scenario descriptions. In Section 4 the results of the modelling
process are presented. In Section 5 the implications of the findings for sustainable development
in the short- and long-term are discussed. Finally, Section 6 provides some concluding remarks.

2 Renewable energy resource dynamics
Renewable energy has been defined as: “a flow of energy, that is not exhausted by being
used” (Serensen, 1991), including traditional energy sources and new renewables such as
modern biofuels, wind, solar, small-scale hydropower, marine, and geothermal energy (UNDP,
2000). Renewable energy as defined in the IPCC report of 2011 includes “any form of energy
from solar, geophysical or biological sources that is replenished by natural processes at a rate
that equals or exceeds its rate of use. Renewable energy is obtained from the continuing or
repetitive flows of energy occurring in the natural environment and includes low-carbon
technologies such as solar energy, hydropower, wind, tide and waves and ocean thermal
energy, as well as renewable fuels such as biomass” (IPCC, 2011). The German Advisory
Council on Global Change (2003) states that renewables’ “overall potential is in principle
unlimited or renewable, and is CO2-free or -neutral” (German Advisory Council on Global
Change, 2003). Together those definitions address general aspects of renewable resources and
their characteristics, but at the same time mask the diverse nature of renewable energy
resources. For example, not all renewable resources are CO2-free or –neutral, they are not all
inexhaustible and the rate of use can be higher than the natural replenishment. These
simplifications also appear in energy modelling where the diverse nature of renewable
resources tends to be overly simplified.
In a study for the assessment of global energy resource economic potentials (Mercure and
Salas, 2012), energy resources are defined as either “stocks, where energy may be extracted
from fixed amounts of geologically occurring materials with specific calorific contents” or
“renewable flows, where energy may be extracted from continuously producing onshore or
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offshore surface areas with wind, solar irradiation, plant growth, river flows, waves, tides or
various forms of heat flows” (Mercure and Salas, 2012). According to this definition fossil
fuels and nuclear would be characterized as stocks (accumulated over time) and all renewable
resources would count as flows (available intermittently), implying continuous flows of
energy. Such characterization may be misleading as some renewables can be almost depleted
for a period of time, if the stock they are derived from are harvested excessively, and their
regeneration rate is slower than their harvesting rate (Juliusson et al., 2011). Thus, it is argued
that not all renewable energy sources can be seen solely as flows (flow-based), but rather as a
combination of stocks and flows. Stock-based renewable resources can build up and
accumulate in a stock (e.g. biomass, geothermal). Once sufficient stock is available, the
resource can in principle be used at any time. Flow-based renewable resources are more or less
temporarily available in unlimited quantities and energy can be harvested while the flow
occurs, but they do not build up and accumulate (IPCC, 2011). Therefore, they cannot be stored
without external storage and harvested at a later point in time. At the same time, making use
of those flow-based renewable resources does not reduce their availability.
Another important aspect addressed in the literature is renewables’ weather and climate
dependency. The impact of climate change on renewable resources has increasingly gained
attention (de Queiroz et al., 2016; Fant et al., 2016; Hisdal et al., 2007; Pryor and Barthelmie,
2010). The effects of climate change can be beneficial or disadvantageous depending on
whether change in the climate increases or decreases the availability of a certain renewable
resource (e.g. increased runoff for hydropower) or its production capacity (e.g. improved
growth conditions for biomass) (Hisdal et al., 2007; Schaeffer et al., 2012; Shafiei et al., 2015a;
Turner et al., 2017).
Each of the renewable energy resources has specific physical characteristics, including
resource potentials and intermittency. So far, many modelers have either dealt with this by
defining limits for the resources’ availability to assess consequences of those exogenously
defined potentials (e.g. (Lan et al., 2016; Mondal et al., 2017; Ou et al., 2018; Shmelev and
Van Den Bergh, 2016)) or by applying cost-supply curves that account for the cumulative use
of resources (e.g. (de Boer and van Vuuren, 2017b; Shafiei et al., 2017a, 2017b, 2015b, 2014)).
Efforts to represent intermittencies of flow-based renewables in energy system models have
been made, which should make it possible to create more realistic scenarios on the contribution
of renewables to the overall energy system (e.g. (Després et al., 2017, 2015)). Accounting for
feedback from using the resource to availability is however rarely done. If geothermal
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resources are available in the modelled region, their contribution in future energy system
scenarios is usually examined in a simplified manner by including exogenous resource
constraints or cost-supply curves (e.g. (Hori et al., 2016; Lenzen et al., 2016)), excluding
feedbacks or non-linear behaviors. Linking geothermal resource dynamics to resource
utilization for electricity production and the implications for unit production cost and
production capacity has mainly been dealt with from a technical reservoir management
perspective (Axelsson, 2012; Axelsson and Stefansson, 2003; Juliusson et al., 2011;
Sigurdsson et al., 1995). The geothermal stock-like characteristic, which leads to a non-linear
behaviour, has not been integrated in real cases of power system planning models. Finding
ways to represent the geothermal resource as a stock and thereby representing the arising
patterns in a simplified manner that allows its integration into energy system models has been
dealt with to a limited extent (Júlíusson and Axelsson, 2018). This paper builds on the
geothermal utilization model developed in (Spittler et al., 2020).
Possible effect of climate change on renewable energy resources is another feature that
commonly is excluded. Geothermal resources are climate independent, but for hydro resources,
including the impact of climate change implies changing assumptions of future flow rates and
capacities, which are based on forecasted impacts of climate change on resource potential
(e.g.(Shafiei et al., 2015a; Tanner and Johnston, 2017a)).
In conclusion, considering the stock and flow dynamics of renewable resources in future
energy system planning is important if in particular the electricity supply system is largely
reliant on hydro and geothermal resources in addition to biomass.

3 Material and methods
In this section the basic structure and main assumptions of the developed model are
presented. Additionally, scenario parameters are defined. The System-Dynamics approach is
chosen as the modelling methodology because the resources modelled collectively create a
complex system, and their dynamics are characterized by non-linear feedback relationships and
delays (Ford, 2009; Sterman, 2000).

3.1 Model description and main assumptions
The system dynamics model for the Kenyan on-grid electricity system consists of a detailed
bottom-up structure, which encompasses power plants and economic calculations for each of
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the electricity generating technologies. The technologies included are: Multi Speed Diesel
(MSD), Gas Turbine (GT), Hydro, Geothermal, Combined Cycle Gas Turbine (CCGT),
Nuclear, Coal, Large-scale Wind and Large-scale Solar PV. The resource dynamics module
captures the behaviour of geothermal resources based on the concepts and approach introduced
in (Spittler et al., 2020).
The model follows a demand-driven approach, which means that forecasted electricity
demand always needs to be met at the lowest possible cost. Demand is an exogenously defined
parameter, which differs in the various scenarios. Associated supply is calculated on a yearly
basis. Demand is split between peak- and base-load. Technologies are also distinguished
between peak and base-load ones. This means selected plant types fulfil peak demand (i.e.
Multi Speed Diesel, Gas Turbine, and Hydro) and others fulfil the base-load demand
(Geothermal, Hydro, Combined Cycle Gas Turbine, Nuclear, Coal, large scale Wind, large
scale PV) as defined in (Lahmeyer International, 2016). Because of a limited contribution of
biomass resources to electricity generation, they are not considered in this study (Lahmeyer
International, 2016).
Fig. 1 displays the basic structure of the model. It consists of three main modules (Power
plants, Economics and Resource dynamics), and a decision-making algorithm, which are
explained in the following sections. The arrows in Fig. 1 show the flow of information between
the different modules.

Figure 1: Kenya electricity model structure

3.1.1 Power plant and economics modules
The main decision variables, i.e. levelized cost of energy (expected LCOE) and available
capacity are estimated in the power plant and economic modules. Their structure is based on
the one presented in (Spittler et al., 2020). Cost calculations are the same for all power plants
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except for the geothermal plant. This is because plant and well costs are calculated separately
and the resource dynamics influence cost calculation of the latter (Spittler et al., 2020).
The two main cost components in this module (i) expected LCOE and (ii) unit cost of
electricity, are calculated for each plant individually. Based on expected LCOE, the model
choses the cheapest technology to be built (see section 3.1.4 Decision making algorithm for
plant construction). As displayed in Eq. 1, expected LCOE (𝐺𝑖,𝑡 ) is a function of the power
plant specific capital cost (𝐴𝑖,𝑡 ), plant operation and maintenance cost (𝑌𝑖,𝑡 ), expected average
fuel cost (𝑆𝑖,𝑡 ) over the plant’s lifetime (𝑙), capacity factor (𝜀𝑖,𝑡 ), discount rate (𝑟), and hours
of operation (ℎ). Due to exogenous technological learning PV and wind power capital costs
decrease over time, hence the expected LCOEs also decline. Storage technologies are not
modelled as they are not considered in Kenya’s Least Cost Power Development Plan
(Lahmeyer International, 2016).
𝐺𝑖,𝑡 = 𝑆𝑖,𝑡 + 𝑌𝑖,𝑡 + 𝐴𝑖,𝑡 / ∑𝑙𝑡=1

ℎ𝑖,𝑡 . 𝜀𝑖,𝑡
(1+𝑟)𝑡

(1)

In the case of hydro- and geothermal power the resource dynamics influence the expected
LCOE of each plant (see section 3.1.2 for Geothermal dynamics and 3.1.3 for Hydro resource
dynamics).
Unlike expected LCOE, the unit cost of electricity (𝐽𝑖,𝑡 ) reflects the actual cost at which
electricity is produced once plant capacity has been installed. The general calculation for the
unit cost of electricity is displayed in Eq. 2:
𝐽𝑖,𝑡 = 𝐷𝑖,𝑡 + 𝑌𝑖,𝑡 + 𝐴𝑖,𝑡 / ∑𝑙𝑡=1

ℎ𝑖,𝑡 . 𝜀𝑖,𝑡
(1+𝑟)𝑡

(2)

For nuclear plants and power plants relying on fossil fuels, the unit cost of electricity differs
from the expected LCOE because actual fuel prices (𝐷𝑖,𝑡 ) in a certain year (at time t) are used
for its calculation (based on predicted fuel cost in (Lahmeyer International, 2016)) instead of
expected average fuel cost over the power plant’s life time. In the case of geothermal and
hydropower plants, unit costs differ when resource dynamics are considered. This is because
resource dynamics influence actual production (see section 3.1.2 and 3.1.3), due to changed
capacity factors of hydropower and changed capacity factors of geothermal wells (Spittler et
al., 2020). Detailed assumptions about the parameters for cost calculations for all technologies
can be found in the Annex.
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The structure of the power plant module is the same for all technologies but an additional
module for wells is added in the case of geothermal power plants. Based on (Lahmeyer
International, 2016), existing plants are represented by installed capacity and planned plants
are counted as capacity under construction. Both capacity under construction and installed
capacity are considered as available capacity for the future. Available capacity refers to
remaining capacity that is still possible to be installed. For fossil fuel plants this capacity is in
theory unlimited. For renewable resources (stock- and flow-based), this available capacity is
constrained for each plant site (see Annex). The installed capacity times the capacity factor
determines electricity production. The capacity factor is assumed to be constant for all
technologies except for geothermal and hydro power. Once the economic lifetime of a certain
plant has been reached, this capacity is retired or reinvested in, depending on relative costs.

3.1.2 Geothermal resource utilization dynamics
The causal loop diagram (CLD) presented in Fig. 2 depicts the main feedback loops related
to geothermal resource utilization for electricity production. Arrows labelled with a “+” mean
that cause and effect behave in the same direction (e.g. more original well construction leads
to more wells) and arrows labelled with a “–“ indicate that cause and effect move in opposite
directions (e.g. the higher the well capacity the less original well construction). A detailed
description of the geothermal resource dynamics are discussed in (Spittler et al., 2020). The
colour of the lines was chosen to distinguish the loops. The dashed lines refer to connections
not represented in some of the scenarios as discussed in section 3.2 Scenario description. The
dotted blue lines that are not part of any causal loops in this structure represent important causal
links of the resource dynamics to the cost of electricity production.
Geothermal resource dynamics are modelled for each individual geothermal power plant.
Each geothermal field stock is reduced through electricity production and grows through
natural recharge. Changes in this stock lead to changes in production capacity, which affects
the level of well construction and unit production cost (Spittler et al., 2020). The five main
balancing loops driving system behaviour are explained in more detail below:
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Figure 2: Main feedback loops of the geothermal resource dynamics for electricity production



Geothermal plant construction

New geothermal plant construction is driven by the share of geothermal capacity in overall
capacity needed (see section 3.1.4) to meet the exogenously defined future electricity demand.
The feedback from the economic part of the model to geothermal plant construction is
represented through the geothermal expected LCOE loop as shown in Fig. 4. Installed plant
capacity determines original well construction, which affects the number of wells and unit
geothermal electricity production cost. (Spittler et al., 2020)


Geothermal expected LCOE

The geothermal expected LCOE loop (indicated in red colour in Fig. 4) displays the
feedback between the economics of geothermal capacity build-up and the geothermal resource
dynamics (Spittler et al., 2020). Increased new geothermal plant construction translates into
more installed plant capacity. This leads to an increased extraction rate, which negatively
impacts the field stock. A reduction in the field stock ratio (i.e. available to maximum field
stock) leads to a lower well capacity (𝑤𝑖,𝑡 ), which means more original wells need to be
constructed if at a later point in time additional new geothermal capacity is added to the field.
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(Spittler et al., 2020) Hence, for additional installed geothermal capacity expected LCOE in
that field are higher because total expected LCOE of geothermal electricity produced is the
sum of expected LCOE of power plants (𝐺𝑖,𝑡 ) and levelized cost of original wells (𝐹𝑖,𝑡 ). A
higher geothermal expected LCOE negatively influences new plant construction. In an
undeveloped field, the maximum field capacity determines original well capacity. Only in an
already developed field, well capacity influences original well construction. Besides the
explained dynamics influencing overall geothermal expected LCOE, also power plant specific
capital cost (𝐴𝑖,𝑡 ), plant operation and maintenance cost (𝑌𝑖,𝑡 ), well operation and maintenance
cost (𝐸𝑖,𝑡 ), well capital cost (𝐵𝑖,𝑡 ), well capacity (𝑤𝑖,𝑡 ), capacity factor (𝜀𝑖,𝑡 ), discount rate (𝑟),
its lifetime (𝑙), the hours of operation (ℎ), and construction time (𝑐) need to be considered.
Eq. 3-5 display the calculations of geothermal expected LCOE as also presented in (Spittler et
al., 2020):
𝐺𝑖,𝑡 = 𝑌𝑖,𝑡 + 𝐴𝑖,𝑡 / ∑𝑙𝑡=1

ℎ𝑖,𝑡 . 𝜀𝑖,𝑡

𝐹𝑖,𝑡 = 𝐸𝑖,𝑡 + 𝐵𝑖,𝑡 / ∑𝑙𝑡=1

(1+𝑟)𝑡
𝑤𝑖,𝑡 . ℎ𝑖,𝑡 . 𝜀𝑖,𝑡
(1+𝑟)𝑡

𝑉𝑖,𝑡 = 𝐺𝑖,𝑡 + 𝐹𝑖,𝑡

(3)

(4)
(5)

Actual unit production cost differs from LCOE as geothermal drawdown causes additional
well construction and reduces production capacity. A more detailed explanation can be found
in (Spittler et al., 2020).


Make-up well construction

Make-up wells are those wells that get drilled in an already developed field in order to
maintain production levels when production capacity decreases due to drawdown in the field.
More make-up well construction leads to an increased number of wells, which again leads to
larger electricity production capacity and geothermal expected LCOE. The higher the
electricity production capacity, the higher will be the production to installed capacity ratio, and
the less make-up well construction will be necessary. (Spittler et al., 2020) This loop is linked
to the balancing loops of plant construction and extraction. The link to the geothermal plant
construction loop is through the production to installed capacity ratio; the higher the installed
capacity, the lower is the ratio. The link to the extraction loop is through electricity production.
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Extraction

Extraction is driven by installed capacity and well production capacity. The higher the well
production capacity and the installed capacity, the higher the extraction rate (i.e. electricity
produced by a specific field), and the lower the available stock. The “available to maximum
stock ratio” behaves in a way that the smaller that ratio, the lower is well capacity. Lower well
capacity leads to less geothermal electricity production capacity, which ends in a decreased
extraction rate. This balancing loop is connected to the recharging loop through the available
stock and “available to maximum stock ratio” variables. (Spittler et al., 2020)


Recharging

This loop describes the balancing effect of natural recharge on the available stock, which
is linked to “available to maximum stock ratio”. Additionally, this ratio is determined by the
exogenous parameter of maximum field stock (also see (Spittler et al., 2020))
Albeit not explicitly shown in the CLD, in combination, some loops together create a
reinforcing behaviour such as the link between plant construction, make-up well construction
and extraction. A possible outcome of these dynamics is that through the installation of new
geothermal plant capacity and related original well construction, more extraction can occur. It,
in turn reduces the field stock, which reduces well capacity and therefore limits the geothermal
production capacity. However, caused by the link to make-up well construction, higher
installed plant capacity (i.e. production capacity to installed plant capacity ratio) leads to
additional well construction and a higher number of wells. This again allows for increased
geothermal electricity production and extraction. The dynamics of these loops are ultimately
linked to the unit cost of geothermal electricity production. The unit cost is lower if geothermal
electricity production is higher, but it increases through well (original and make up) and plant
construction.

3.1.3 Hydro climate change dynamics
The sustainability of hydropower has been assessed by several studies. For example,
(Moran et al., 2018) assessed the environmental and social effects of hydropower developments
in the 21st century and (Turner et al., 2017) investigated the consequences of climate change
on hydropower globally. However, when modelling the future energy system for Kenya, the
impacts of climate change on hydropower has only been addressed to a limited extent by
(Lahmeyer International, 2016). Building on this Fig. 3 shows the two main loops that describe
the utilization of hydropower for electricity generation and the role of climate change in it.
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Like for Fig. 2 the dashed lines refer to connections not represented in some of the scenarios
as discussed in section 3.2 Scenario description and the dotted blue lines display relevant causal
links of the dynamics to the cost of electricity production. The dynamics of resources are
presented and modelled for each hydropower plant. A distinction is made for hydro resources
that are utilized for peak (P Hydro) and those that are utilized for large base (B Hydro) load
demand in the model. Hydropower that is utilized for peak demand has smaller capacity factors
than base load hydropower. In general, two balancing loops are responsible for the dynamics
(Ebinger and Vergara, 2011):

Figure 3: Main feedback loops of the hydro resource dynamics for electricity utilization



Hydro plant construction

The hydro plant construction loop follows the same logic as the geothermal plant
construction loop. The more hydro plant capacity is installed, the less new hydropower plant
construction is taking place. The balancing behaviour of this loop is created by the negative
connection between installed hydro plant capacity and new hydro plant construction. However,
new hydro plant construction is driven by the determined share of hydro capacity in the overall
capacity needed to meet the exogenously defined future electricity demand. The feedback from
the economic part of the model to hydro plant construction is represented through the hydro
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expected LCOE loop, which differs from the geothermal loop as the resource dynamics are
different. (Ebinger and Vergara, 2011)


Hydro expected LCOE

The hydro expected LCOE displays the feedback between the economics of hydroelectric
capacity build up and the hydro resource capacity. Increased hydro plant construction translates
into more installed plant capacity. More installed plant capacity means more potential hydro
electricity production, which due to economics of scale reduces expected LCOE of hydro plants
and leads to additional hydro plant construction. The potential hydro electricity production
capacity is positively related to available runoff, which is negatively influenced by climate
change. The calculation of expected LCOE for hydropower is shown in Eq. 1. The capacity
factor is assumed to exponentially decline towards its lower limit as defined in (Lahmeyer
International, 2016). Due to changing capacity factors an estimate of the average capacity
factor over the power plants lifetimes is made when the expected LCOE is calculated. Due to
the changing capacity factors unit production cost at a certain point in time differs from
expected LCOE.
In this case, climate change is an external driver, which influences the already existing
dynamics of hydropower utilization. Historic data has shown that a negative polarity between
“climate change” and “runoff” in Kenya exists. This has led to decreasing hydropower
potentials (Lahmeyer International, 2016). Hence, climate change leads to higher unit cost for
hydro electricity production. This is because a lower capacity factor leads to lower production
while total cost stays constant. The calculation for unit production cost depends on the capacity
factor of the respective year.

3.1.4 Decision making algorithm for plant construction
A central element of the model is the underlying decision-making structure for additional
plant capacity. This decision is made separately for both load types (i.e. peak and base load).
Fig. 4 shows the decision-making to determine what size and type of new capacity gets built
and in what order. This algorithm is based on a cost minimization approach as presented in
(Lahmeyer International, 2016).
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Figure 4: Capacity construction decision-making algorithm

If the forecasted demand is higher than the available future production capacity a future
capacity need is identified. Once, this future capacity need is determined the cheapest expected
LCOE and the corresponding technology and in the case of geothermal and hydro the
corresponding plant is selected. Since capacity construction for plants cannot exceed available
capacity, the model has to decide whether it is limited by remaining capacity or if forecasted
demand can be fulfilled by the chosen technology or plant. When the decision on capacity
construction has been made the model checks if the currently determined production capacity
constructed can meet the forecasted demand. If this is not the case, the selection process for
additional capacity starts again. The focus lies on production capacity rather than installed
capacity because in case of geothermal and hydro, installed capacity can differ from actual
production capacity as described in sections 3.1.2 and 3.1.3.
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3.2 Scenario description
Eight scenarios are run from 2015 to 2050 and are defined based on the level of demand
growth and whether the hydro and/or geothermal resource dynamics are considered or not.
Both demand scenarios start from 9453 GWh for baseload and 1570 GWh for peak load
(Lahmeyer International, 2016). The parameters are defined as the following:


Low demand: Peak and base demand are assumed to grow at a yearly rate of 5.7% and
5.6% respectively. This means no flagship projects of Kenya Vision 2030 are
implemented and translates into around 70% electricity access (Lahmeyer
International, 2016).



High demand: This means a yearly growth rate of 9.6% for base load and 9.8% for
peak load. This demand is in accordance with Kenya Vision 2030 and the goal of 100%
electricity access (Lahmeyer International, 2016).



Geothermal resource dynamics: When geothermal resource dynamics are considered,
the effects of geothermal resource utilization on the resource are considered. Hence, it
incorporates the impact of resource utilization (i.e. electricity production) on resource
patterns (i.e. changes in field stock and well capacity). Additionally, it accounts for the
feedback from the geothermal resource to the cost and construction of geothermal
power plants. This translates into make-up well construction and leads to changes in
cost due to changes in well capacity. All causal connections (dashed and solid) as
portrayed in Fig. 2 are considered.



Hydro resource dynamics: The consideration of hydro resource dynamics means that
the effect of climate change on the hydro resource is considered, which translates into
lower capacity factors and therefore, higher production cost. In this scenario all causal
links (dashed and solid) displayed in Fig. 3 are accounted for.



No geothermal resource dynamics: When geothermal resource dynamics are not
considered, it means that only utilization (i.e. electricity production) affects field stock
and well capacity, but this is not reflected in plant or cost calculation modules. As a
result, well capacity is assumed to be constant (i.e. maximum well capacity) in the
power plant and cost calculation modules. Hence, only causal connections with solid
lines, as presented in Fig. 2 are considered.
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No hydro resource dynamics: When hydro resource dynamics are not accounted for,
the potential influence of climate change on the resource is neglected and a stable
capacity factor is assumed. Therefore, only solid lines in Fig. 3 are considered.

In combination this results in the following eight different scenarios (S1-S8) displayed in
Table 1:
Table 1: Scenario definition

Demand level

Geothermal resource dynamics

Hydro resource dynamics

low
low
low
low
high
high
high
high

no
yes
no
yes
no
yes
no
yes

no
no
yes
yes
no
no
yes
yes

S1
S2
S3
S4
S5
S6
S7
S8

Assumptions that are not scenario specific can be found in the Annex.

4 Results
In this section the results regarding power plant capacity, utilization, cost and
environmental results from the model are presented. Table 2 displays the numerical results for
the relevant parameters for the years 2020, 2030 and 2050.
Table 2: Short- and long-term results for main parameters

2020

2030

S1
S2
S3
S4
S5
S6
S7
S8
S1
S2
S3
S4

Installed
capacity [MW]

Production
[GWh]

3831
3831
3831
3831
3831
3831
3831
3831
7186
7186
8726
8726

20356
20204
19442
19290
20356
20204
19442
19290
36383
36140
37192
36948

Average unit
production cost
[cent/kWh]
11
11
11
11
11
11
11
11
16
17
18
19

Emissions
[tCO2]
1241229
1241229
1241229
1241229
1241229
1241229
1241229
1241229
3917150
3917150
4488582
4488582
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2050

S5
S6
S7
S8
S1
S2
S3
S4
S5
S6
S7
S8

10070
10070
10660
10660
22353
22353
22829
22829
51807
51807
53478
53478

48245
48001
43925
43681
95253
94237
94097
92956
234759
233346
236137
234791

16
17
18
18
22
22
24
24
24
24
26
26

4626678
4626678
4945727
4945727
7631457
7631457
7721934
7721934
14655307
14655307
15231501
15231501

Table 2 supports the graphical results (i.e. Fig. 7 to 11) described in the following subsections by showing the exact values.

4.1 Capacity installation and utilization
Fig. 5 displays total installed capacity by scenario and energy type. In all scenarios, the
largest share of peak capacity is MSD, independent of the level of assumed demand growth. In
2050, for base load, the largest share of installed capacity is geothermal for low demand
scenarios and nuclear for high demand scenarios. Coal and CCGT are less competitive
especially in the long run as renewables are cheaper in the beginning and after a certain demand
threshold is reached, nuclear power becomes the cheapest available option. Most capacity for
each demand category is installed in the scenarios in which either only hydro or both hydro
and geothermal resource dynamics are considered (i.e. S3, S4 and S7, S8). This is because
additional capacity needs to be installed to be able to compensate the losses caused by the
resource dynamics. In the scenarios in which hydro resource dynamics are not considered (i.e.
S1, S2, S5, S6) hydropower contribution is largest for base as well as peak load, for the latter
it especially reduces MSD installations. In the low as well as high demand scenarios, wind
power installations are the highest when either hydro or both resource dynamics are considered.
This is because cost of hydro and geothermal power increases when resource dynamics are
included as well as additional installations of electricity production capacity, which are often
fossil fuel based. This applies to scenarios S3, S4, S7 and S8. In scenarios of low demand, wind
power can compensate for additional installation needs caused by resource dynamics but in
scenarios S5 to S8, nuclear becomes the most cost-effective option to satisfy the high demand.
Solar PV only accounts for a small share in all scenarios because of cost. This reflects the
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government’s plans for Kenya’s future electricity system, which does not consider PV as a
major source of electricity (Republic of Kenya, 2018).
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Figure 5: Installed capacity by source for each scenario
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In Fig. 6 total production by source for each scenario is presented. It shows that the quantity
of installed capacity in each scenario does not directly translate into actual production. This is
because of the reduced production capacities when resource dynamics are accounted for.
Scenarios with lowest installed capacity are not the ones in which least electricity is produced.
In fact, overall installed capacity in low demand scenarios is smallest in S1 and S2. In high
demand scenarios installed capacity is lowest in S5 and S6. In 2050, highest production levels
in both demand categories occur in S1 and S5 (see Table 2). This is because resource dynamics
are not included in S1 and S5, which means capacity factors for hydro and geothermal
generation stay constant. Hence, installed capacity always translates into the same amount of
production and no additional capacity is constructed to compensate production capacity losses.
In S2 and S6 slightly higher installations levels are necessary to maintain production to fulfil
demand. However, in both scenarios the production levels in 2050 are lower than when no
geothermal or hydro resource dynamics are considered (see Table 2). This results from changes
in capacity factors due to resource dynamics. For low demand levels least production occurs
when both resource dynamics are considered. This is due to altered capacity factors and a delay
in well construction and additional capacity construction. This is not the same for high demand
levels. Nuclear power is built at such a large scale that it is able to compensate for this effect.
Hence, least electricity is produced in S6. This is because geothermal resources are used
excessively, which cause reduced geothermal production capacity. In combination with a delay
in additional wells, to compensate production capacity losses, this leads to lower production
levels. Overall, in 2050, in scenarios 1 to 4 (i.e. low demand scenarios) around 70% of
electricity is produced from renewable resources. In scenarios 5 to 8 (i.e. high demand
scenarios) only between 27 to 30% of electricity comes from renewable resources in 2050.
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Figure 6: Production by source for each scenario
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Capacity factors of hydropower plants gradually decline towards the lower value presented
in Annex-Table 2. This means the production from the installed resources also declines over
time. In the case of geothermal power, a constant capacity factor of 90% for all power plants
is assumed. The actual capacity factors of each plant do not stay constant, because of
geothermal drawdown make-up well construction, which only occurs with a delay, needs to
compensate for potential capacity losses. Thereby, geothermal resource dynamics alter how
much of the installed capacity can actually be utilized for electricity production. Fig. 7 presents
the average actual capacity factor of all geothermal plants for scenarios that consider
geothermal resource dynamics. High resource utilization due to high demand growth rates,
decreases the average capacity factor in the long-term and significantly affects capacity factors
and production of individual plants.

Average geothermal capacity factor
90
89
89
88

%

88
87
87
86
86
85
85
2015

2020

2025

2030

2035

2040

S6

S8

2045

2050

Year
S2

S4

Figure 7: Average actual geothermal capacity factor for scenarios including geothermal resource dynamics (S2, S4, S6, S8)
[%/year]

4.2 Cost
Fig. 9 depicts total cost differences between scenarios considering resource dynamics (S2S4 and S6-S8) compared to those that do not consider them (S1 and S5). It shows total
estimated electricity system development cost increases due to geothermal and hydro resource
dynamics. When resource dynamics are considered, together or individually, total system cost
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of electricity supply is always higher than in scenarios in which no dynamics are considered.
When only geothermal dynamics are considered (S2 and S6) the cost difference is gradually
increasing but it never increases as much as in scenarios that also include hydro dynamics. This
is because geothermal production capacity decreases appear gradually over a longer time
period. Therefore, larger system impacts are realized slowly over time. Nonetheless, because
of overuse of individual reservoirs unit production cost of individual plants can increase up to
76% in the short run, when geothermal resource dynamics are considered. This indicates an
overutilization of a geothermal reservoir that is close to depletion. The longer geothermal
resources get utilized excessively, the more investment is needed for makeup well construction.
A significant share of geothermal capacity is only installed after 2035. In other scenarios, which
also consider hydro resource dynamics, cost increases significantly. This is due to hydropower
contribution to peak load and the constant reduction of hydro capacity factors. The effect on
peak load is higher than on base load as capacity factors are already quite low and further
reductions increase cost significantly. Hence, additional investment is needed to build
additional capacity to maintain the required level of production. After some time, when hydro
capacity factors have notably decreased and all economically viable hydro and geothermal
resources have been exploited, investment shifts away from hydro and geothermal to other
technologies. Therefore, the cost difference decreases again. In this case, peak load is covered
by fossil fuel plants and base load by nuclear. The cost difference in low demand scenarios
reaches a peak of 6.5 (S3) and 7.6% (S4) in the year 2032. In 2045, the cost difference is highest
with 7 (S7) and 8.4% (S8). In general, hydro resource dynamics lead to larger differences,
because of their contribution to peak load.
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Figure 8: Differences of total cost between scenarios considering and scenarios not considering resource dynamics

Fig. 10 displays the average unit production cost in each of the scenarios. Overall, average
unit production cost grows in all eight scenarios. The highest average unit production cost
occurs in scenarios in which both resource dynamics are accounted for (S4 and S8). As for
total cost differences, hydro dynamics have a larger impact on average unit production cost
because they lead to significantly lower capacity factors for peak production of hydropower.
Despite geothermal dynamics having a smaller impact on average unit production cost, the
average unit production cost for geothermal electricity is around 15% (S2 and S4) and 22%
higher (S6 and S8) in scenarios that consider geothermal dynamics. Generally, unit production
cost in high demand scenarios (S4-S8) are higher than in low demand scenarios (S1-S4). This
is because more capacity needs to be installed, which means once the cheapest technologies
have been installed also more expensive ones get built.
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Figure 9: Average unit production cost by scenario

4.3 GHG emissions
Fig. 9 presents CO2 intensity of the electricity system by displaying emissions per GWh in
each scenario. Generally, CO2 intensity is higher for scenarios, in which hydro resource
dynamics are considered (S3, S4, S7, S8) than when only geothermal or no resource dynamics
are considered. This is the case because of additional fossil power plant installations needed to
compensate hydro capacity factor declines in peak demand. When geothermal resource
dynamics are considered CO2 intensity is only affected minorly because it affects base load.
Overall, CO2 emissions per GWh is decreasing because of increased built-up of low or zero
CO2 technologies, such as wind, hydro, geothermal and nuclear, instead of coal and gas plants.
Energy intensity falls faster in high demand scenarios because of the high share of nuclear in
the electricity mix.

27

Figure 10: CO2 intensity of electricity mix [tCO2/GWh/year]

5 Conclusion and policy implications
Trade-offs between different (sustainable) electricity system development objectives can
be observed between parameters and between their short- and long-term developments. As
mentioned in the definition of the scenario parameters, a high electricity demand growth rate
is needed to fulfil the goals of Kenya Vision 2030 (Lahmeyer International, 2016). At the same
time, this high demand growth rate translates into lower production capacity of geothermal
resources, higher cost and increased total emissions, although CO2 emissions per GWh are
lower due to the large share of nuclear power in the electricity mix. Additionally, a long-term
planning approach is needed to avoid negative effects within the energy sector in the future,
such as resource exhaustion. According to Dalla Longa and Van der Zwaan, Kenya is able to
achieve its climate change goals by 2030 through expansion of renewables (Dalla Longa and
van der Zwaan, 2017). This is in line with the government’s goal of supplying 80% of
electricity from renewables by 2030. However, in the case of high demand scenarios, the share
of renewables in the overall electricity supply significantly decreases by 2050 because overall
more installations are needed than available economically feasible renewable capacity as
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outlined in the current plan of Kenya’s government. However, Dalla Longa and Van der Zwaan
(2017) state that an important prerequisite to achieving a high share of renewables in the energy
mix is timely investment in low carbon technologies. This would mean that a re-evaluation
and re-consideration of PV as well as concentrated solar (CS) in the on-grid electricity mix
would be necessary to avoid high shares of fossil and nuclear production in high demand
scenarios. Hence, policies that favour renewables and especially PV and CS technologies need
to be put forward and need to be included when assessing least cost power development plans.
In fact, Ondraczek (2014) found that the estimates of Kenya’s government for LCOE of PV
are too high. Also Rose et al. (2016) found that in combination with already existing hydro
storage plants in Kenya, PV can be competitive with other technologies. They found that the
government’s plans of investment in wind, geothermal and hydropower reduces the value of
PV (Rose et al., 2016). However, high electricity demand growth rates and geothermal and
hydropower dynamics might alter those results in the long-term, as the effect is cumulative.
With regards to nuclear, apart from the fact that a high share of nuclear would negatively affect
the government’s goals of a high share of renewables in the electricity mix, political and
security risks exist. These are acknowledged in the Least Cost Power Development Plan and
make actual implementation of such a project questionable, even if support among several
stakeholders in Kenya’s energy sector is present. While the above-mentioned trade-offs
between short- and long-term developments of parameters exist independent of whether
geothermal and hydro resource dynamics are considered or not, geothermal and hydro
dynamics significantly affect the magnitude of development of parameters such as CO2
emissions and unit production as well as overall system cost. Suberu et al. argue that better
planning in the energy sector is a necessary prerequisite to overcome the energy crisis
prevailing in Sub-Saharan Africa (Suberu et al., 2013). This supports including geothermal and
hydro resources more thoroughly in energy systems modelling and planning. So far, resource
dynamics of geothermal resources have not been included into energy system planning and/or
modelling in Kenya. An example for the importance of including resource dynamics is that
average geothermal unit production cost in 2050 can be expected to be 20% higher than when
its dynamics are neglected. In some scenarios individual plants have 76% higher unit
production cost because of significantly lower actual capacity factors. Therefore, it is important
to consider the resources’ behaviour when for example, Power Purchase Agreements (PPAs)
of geothermal plants are negotiated, to ensure continuous production by and profitability for
the generators (Lahmeyer International, 2016).
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Although this study deals with Kenya’s electricity system, the presented results link to
several objectives of sustainable (energy) system development as defined by SDG 7 and the
other 16 SDGs. The results highlight that trade-offs and synergies between some of them exist.
On the one hand electricity system expansion is a prerequisite for achieving the goals of Kenya
Vision 2030 and affects the SDG´s related to socio-economic development (e.g. SDG1, SDG3,
SDG4, SDG8), on the other hand, sustainable development goals related to environmental and
resources concerns (e.g. SDG13, SDG15) have to be considered. With regards to Kenya Vision
2030, the high electricity demand growth rate assumed in S5 to S8 is necessary for the
implementation of defined flagship projects, which are seen as necessary to grow Kenya’s
economy and well-being (Government of the Republic of Kenya, 2007; Republic of Kenya,
2018). In the current plan of Kenya’s government, the high electricity demand growth rate is
also assumed to correspond with the goal of 100% electricity access by 2030 (i.e. SDG7)
(SE4ALL, 2016). Electricity access was found to positively affect educational attainment and
life expectancy (i.e. SDG3 and SDG4) (Collste et al., 2017). Apart from the beneficial effects
of 100% electricity on population and wealth, it was also found to reduce deforestation in rural
areas, which corresponds with targets of SDG15 (Tanner and Johnston, 2017b). However, in
the scenarios of high demand (S5-S8) cost are higher than in low demand scenarios (S1-S4)
and the resources’ dynamics even enhance cost. This negatively impacts the target of affordable
energy for all within SDG7, as higher unit production cost translates into higher electricity
prices. Higher demand leading to increased electricity production also means higher emissions,
which negatively influences climate change and the achievement of SDG13. Resource
dynamics cause even higher emissions as more fossil fuel resources need to be utilized for
electricity production. Costs are lower in the low demand scenario, than in the case of high
demand. Hence, while energy might be more affordable in that case, this type of demand
growth is correlated to lower economic growth (Lahmeyer International, 2016). Thereby, the
positive effect on related SDGs (SDG3, SDG4, SDG1) could be diminished.
The presented model follows a demand-driven approach, which does not account for
market price (i.e. ignoring effects of price elasticities of production and demand) and the
resulting effects on production and consumption (Shafiei et al., 2015b). Including feedback
between production cost, supply and demand can allow for further insights into potential future
paths of Kenya’s energy system and policy recommendations. However, it is beyond the scope
of this research as it aims at exploring the significance of the effects of resource dynamics on
the supply side for future planning rather than estimating likely energy system developments
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as a whole. In order to understand the contribution of PV and CS in peak and base-load demand
a more detailed modelling approach of hourly load profiles, as for example presented in
(Pietzcker et al., 2016), would need to be applied. Using system dynamics for capturing the
dynamics of hydro and climate change as well as geothermal drawdown due to overutilization
has proven valuable but limitations occur with regards to modelling detailed load profiles.
Although electricity only accounts for a small part of current energy demand in Kenya, the
anticipated expansion of overall electricity generating capacity and especially geothermal and
hydroelectricity make it important to consider the dynamics of these resources. The results in
this paper confirm that the integration of renewable resource dynamics of hydro and
geothermal for electricity generation affects overall electricity supply patterns as well as system
costs. Geothermal resource dynamics lead to higher required capacity installations because of
losses in production capacity and related significant drawdown of the resource, which is not
captured by models currently used for electricity system planning in Kenya. Hence,
additionally installed capacity does not translate into more production. This leads to increased
estimated overall system cost, which can be up to 9% higher than when no resource dynamics
are considered. Moreover, geothermal and especially hydropower are partly compensated by
nuclear and fossil technologies, which affect GHG emissions. Renewable resource dynamics
are especially relevant when planning for high demand growth, as is expected to occur in Kenya
and when looking at short- and long-term developments of the electricity system as a whole.
Certain parameters within it or implications for sustainable development, such as electricity
cost and emissions increase. Additionally, the inclusion of resource dynamics can also help to
understand the sustainability of the resource utilization itself. By integrating geothermal and
hydro resource dynamics into the supply side structure of the electricity system, an important
component that needs to be considered when planning Kenya’s future energy system has been
added. Analysis without such representation can lead to inaccurate information on for example
investments needs or CO2 emission and thereby, result in sub-optimal policies and energy
system design.
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ANNEX
Annex - Table 1: Data for expected LCOE and unit production cost calculations fossil fuel plants

Coal Lamu
Coal Kitui
Coal Generic
GT Generic
GT Nairobi
MSD Generic
Nuclear Generic
CCGT Generic

Maximum plant size
MW
981
960
n.a.
n.a
n.a.
n.a.
n.a.
926

Minimum plant size
CAPEX
Fixed O&M
Variable O&M
MW
$/kW [1,2] $/kW/year [1,2] $/MWh [1,2]
2479
80
1.3
240
2388
69
1.4
27
30
400
27

857
1242
1618
6858
1174

Fuel cost
$/kWh [3]

Fuel cost increase Construction time
% [4]
years [1]

Lifetime
years [1]

Capacity factor
% [1]

0.03715

5.3

6

30

75

20.9

12.5

0.1331

9.6

1

25

20

31.5
7.5
31

8.8
10.2
13.2

0.0586
0.0116
0.03715

9.6
1

2
10
3

20
40
20

20
85
75

Annex - Table 2: Data for expected LCOE and unit production cost calculations hydro power plants
Maximum plant size Minimum plant size
MW
MW
SangOro
20
SondoMiriu
60
Turkwel
105
Tana
20
Gitaru
216
Kiambere
164
Kindaruma
70
Masinga
40
Kamburu
90
HighGrandFalls
693
20
Karura
89
NandiForest
50
Magwaga
119
Arror
59
LakeVictoriaNorthOther
101
LakeVictoriaSouthOther
0
RiftValleyOther
141
TanaOther
0
AthiOther
60
EwasoNgiroNorthOther
0

CAPEX
$/kW [1,2]
3430
3430
3430
3430
3431
3430
3456
3430
3431
2739
3691
3791
4431
3087
3400
3400
3400
3400
3400
3400

Fixed O&M
$/kW/year [1,2]
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
15.5
14.9
19
28
20
27.4
27.4
27.4
27.4
27.4
27.4

Variable O&M Construction time
$/MWh [1,2]
years [1]

0.5

7

Lifetime
years [1]

40

Capacity factor
base load high
% [5]
95
96
95
80
92
90
95
82
94
92
93
91
91
91
91
91
91
91
91
91

Capacity factor
reduction base load
% [5]
70
75
86
35
63
51
84
25
83
66
67
64
64
64
64
64
64
64
64
64

Capacity factor
peak load high
% [5]
66
69
40
60
49
61
53
49
51
20
30
50
50
50
50
50
50
50
50
50

Capacity factor
reduction peak load
% [5]
17
18
13
26
22
29
22
8
22
8
12
18
18
18
18
18
18
18
18
18
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Annex - Table 3: Data for expected LCOE and unit production cost calculations wind power plants

Lake Turkana
Aeolus Kinangop
Kipeto
Prunus
Meru
Ngong
OlDanyat
Malindi
Limuru
Kajiado
Marsabit

Maximum plant size Minimum plant siize
MW [6]
MW
1000
60
100
51
400
10
26
10
50
50
50
600

CAPEX
$/kW
2030
2000
2010
2030
2000
2030
2030
2030
2030
2030
2030

Fixed O&M
$/kW/year [1,2]

76.1

Variable O&M Construction time Lifetime Capacity factor
$/MWh [1,2]
years [1,2]
years [1,2]
% [6]
55
34
46
40
32
0
2
20
35
40
40
40
40
40
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Annex - Table 4: Data for expected LCOE and unit production cost calculations geothermal power plants

Annex - Table 5: Other assumptions for cost calculations [10]

Discount rate
Cost reduction PV
Cost reduction wind

12%
1.5%
0.5%

* [1] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016. pp 117-121
* [2] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016. pp 178-181
* [3] Republic of the Republic of Kenya. Updated Least Cost Power Development Plan (LCPDP) Study Period: 2017-2037. Nairobi, Kenya: Government of the Republic of Kenya; 2018. pp 78-85
* [4] Republic of the Republic of Kenya. Updated Least Cost Power Development Plan (LCPDP) Study Period: 2017-2037. Nairobi, Kenya: Government of the Republic of Kenya; 2018. p 75
* [5] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016. p 169
* [6] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016. p 171
* [7] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016. p 112-113
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* [8] Based on Maximum plant size [7] and Lifetime [1]
* [9] Based on CAPEX and O&M values presented in [1] and [2]
* [10] Lahmeyer International. Development of a Power Generation and Transmission Master Plan, Kenya. Nairobi, Kenya: Ministry of Energy and Petroleum; 2016.
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C. von Stechow (eds).
Júlíusson, E., Axelsson, G., 2018. Stock models for geothermal resources. Geothermics 72,
249–257. https://doi.org/10.1016/j.geothermics.2017.11.006

38

Juliusson, E., Horne, R.N., Sweeney, J., Hart, M., Rich, J., Sandler, J., 2011. Optimal
Extraction of Geothermal Resources. Geotherm. Resour. Counc. Trans. 35, 1457–1466.
https://doi.org/10.1002/yd.430
Lahmeyer International, 2016. Development of a Power Generation and Transmission Master
Plan, Kenya. Ministry of Energy and Petroleum, Nairobi, Kenya.
Lan, J., Malik, A., Lenzen, M., McBain, D., Kanemoto, K., 2016. A structural decomposition
analysis

of

global

energy

footprints.

Appl.

Energy

163,

436–451.

https://doi.org/10.1016/j.apenergy.2015.10.178
Lenzen, M., McBain, B., Trainer, T., Jütte, S., Rey-Lescure, O., Huang, J., 2016. Simulating
low-carbon

electricity

supply

for

Australia.

Appl.

Energy

179,

553–564.

https://doi.org/10.1016/j.apenergy.2016.06.151
Mercure, J.-F., Salas, P., 2012. An assessement of global energy resource economic potentials.
Energy 46, 322–336. https://doi.org/10.1016/j.energy.2012.08.018
Moksnes, N., Korkovelos, A., Mentis, D., Howells, M., 2017. Electrification pathways for
Kenya-linking spatial electrification analysis and medium to long term energy planning.
Environ. Res. Lett. 12. https://doi.org/10.1088/1748-9326/aa7e18
Mondal, M.A.H., Bryan, E., Ringler, C., Rosegrant, M., 2017. Ethiopian power sector
development: Renewable based universal electricity access and export strategies. Renew.
Sustain. Energy Rev. 75, 11–20. https://doi.org/10.1016/j.rser.2016.10.041
Moran, E.F., Lopez, M.C., Moore, N., Müller, N., Hyndman, D.W., 2018. Sustainable
hydropower in the 21st century. Proc. Natl. Acad. Sci. 115, 11891–11898.
https://doi.org/10.1073/PNAS.1809426115
OECD/International Energy Agency, 2018. Statistics [WWW Document]. Kenya Balanc.
2016.

URL

https://www.iea.org/statistics/?country=KENYA&year=2016&category=Key
indicators&indicator=TPESbySource&mode=chart&categoryBrowse=false&dataTable=
BALANCES&showDataTable=true (accessed 11.24.18).
Ogeya, M., Nyambane, A., Wanjiru, H., 2018. Technical report: Nordic Green to Scale for
countries. Nordic Council of Ministers, Copenhagen.
Ou, Y., Shi, W., Smith, S.J., Ledna, C.M., West, J.J., Nolte, C.G., Loughlin, D.H., 2018.
Estimating environmental co-benefits of U.S. low-carbon pathways using an integrated
39

assessment model with state-level resolution. Appl. Energy 216, 482–493.
https://doi.org/10.1016/j.apenergy.2018.02.122
Pachauri, S., Rao, N., Nagai, Y., Riahi, K., 2012. Access to modern energy: Assessment and
outlook for developing and emerging regions, Laxenburg: IIASA.
Pietzcker, R.C., Ueckerdt, F., Carrara, S., de Boer, H.S., Després, J., Fujimori, S., Johnson, N.,
Kitous, A., Scholz, Y., Sullivan, P., Luderer, G., 2016. System integration of wind and
solar power in integrated assessment models: A cross-model evaluation of new
approaches. Energy Econ. 64, 583–599. https://doi.org/10.1016/j.eneco.2016.11.018
Pryor, S.C., Barthelmie, R.J., 2010. Climate change impacts on wind energy: A review. Renew.
Sustain. Energy Rev. 14, 430–437. https://doi.org/10.1016/j.rser.2009.07.028
Rao, N.D., Riahi, K., Grubler, A., 2014. Climate impacts of poverty eradication. Nat. Clim.
Chang. 4, 749–751. https://doi.org/10.1038/nclimate2340
Republic of Kenya, 2018. Updated Least Cost Power Development Plan (LCPDP) Study
Period: 2017-2037. Government of the Republic of Kenya, Nairobi, Kenya.
Rose, A., Stoner, R., Pérez-Arriaga, I., 2016. Prospects for grid-connected solar PV in Kenya:
A

systems

approach.

Appl.

Energy

161,

583–590.

https://doi.org/10.1016/j.apenergy.2015.07.052
Schaeffer, R., Szklo, A.S., Pereira de Lucena, A.F., Moreira Cesar Borba, B.S., Pupo Nogueira,
L.P., Fleming, F.P., Troccoli, A., Harrison, M., Boulahya, M.S., 2012. Energy sector
vulnerability

to

climate

change:

A

review.

Energy

38,

1–12.

https://doi.org/10.1016/j.energy.2011.11.056
SE4ALL, 2016. Sustainable Energy For All - Kenya Action Agenda.
Serensen, B., 1991. Renewable energy A technical overview. Energy Policy 386–391.
https://doi.org/386 0301-4215/91/040386-0
Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., 2014. Potential impact of transition to
a

low-carbon

transport

system

in

Iceland.

Energy

Policy

69,

127–142.

https://doi.org/10.1016/j.enpol.2014.03.013
Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., Asgeirsson, E.I., 2017a. Energy,
economic, and mitigation cost implications of transition toward a carbon-neutral transport
sector: A simulation-based comparison between hydrogen and electricity. J. Clean. Prod.

40

141, 237–247. https://doi.org/10.1016/j.jclepro.2016.09.064
Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., Asgeirsson, E.I., 2015a. Economic
Impact of Adaptation to Climate Change in Iceland ’ s Energy Supply Sector 0–4.
Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., Asgeirsson, E.I., 2015b. Simulation of
Alternative Fuel Markets using Integrated System Dynamics Model of Energy System.
Procedia Comput. Sci. 51, 513–521. https://doi.org/10.1016/j.procs.2015.05.277
Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., Asgeirsson, E.I., Keith, D.R., 2016.
Analysis of supply-push strategies governing the transition to biofuel vehicles in a marketoriented

renewable

energy

system.

Energy

94,

409–421.

https://doi.org/10.1016/j.energy.2015.11.013
Shafiei, E., Leaver, J., Davidsdottir, B., 2017b. Cost-effectiveness analysis of inducing green
vehicles to achieve deep reductions in greenhouse gas emissions in New Zealand. J. Clean.
Prod. 150, 339–351. https://doi.org/10.1016/j.jclepro.2017.03.032
Shmelev, S.E., Van Den Bergh, J.C.J.M., 2016. Optimal diversity of renewable energy
alternatives under multiple criteria: An application to the UK. Renew. Sustain. Energy
Rev. 60, 679–691. https://doi.org/10.1016/j.rser.2016.01.100
Sigurdsson, O., Arason, T., Stefansson, V., 1995. Reinjection strategy for geothermal systems.
Proc. World Geotherm. Congr. 1967–1971.
Spittler, N., Shafiei, E., Davidsdottir, B., Juliusson, E., 2020. Modelling geothermal resource
utilization by incorporating resource dynamics, capacity expansion, and development
costs. Energy 190, 116407. https://doi.org/10.1016/j.energy.2019.116407
Steffen, W., Sanderson, A., Tyson, P., Jäger, J., Matson, P., Moore Ill, B., Oldfield, F.,
Richardson, K., Schellnhuber, H.J., Turner, B.L. Il, Wasson, R.J., 2005. Global Change
and the Earth System, 2nd ed. Springer, Berlin Heidelberg New York.
Steinberger, J.K., Roberts, J.T., 2010. From constraint to sufficiency: The decoupling of energy
and

carbon

from

human

needs,

1975-2005.

Ecol.

Econ.

70,

425–433.

https://doi.org/10.1016/j.ecolecon.2010.09.014
Sterman, J.D., 2000. Business Dynamics: Systems Thinking and Modeling for a Complex
World, Management. https://doi.org/10.1057/palgrave.jors.2601336
Suberu, M.Y., Mustafa, M.W., Bashir, N., Muhamad, N.A., Mokhtar, A.S., 2013. Power sector

41

renewable energy integration for expanding access to electricity in sub-Saharan Africa.
Renew. Sustain. Energy Rev. 25, 630–642. https://doi.org/10.1016/j.rser.2013.04.033
Tanner, A.M., Johnston, A.L., 2017a. The Impact of Rural Electric Access on Deforestation
Rates. World Dev. 94, 174–185. https://doi.org/10.1016/j.worlddev.2016.12.046
Tanner, A.M., Johnston, A.L., 2017b. The Impact of Rural Electric Access on Deforestation
Rates. World Dev. 94, 174–185.
Tarroja, B., AghaKouchak, A., Samuelsen, S., 2016. Quantifying climate change impacts on
hydropower generation and implications on electric grid greenhouse gas emissions and
operation. Energy 111, 295–305. https://doi.org/10.1016/j.energy.2016.05.131
Turner, S.W.D., Hejazi, M., Kim, S.H., Clarke, L., Edmonds, J., 2017. Climate impacts on
hydropower and consequences for global electricity supply investment needs. Energy 141,
2081–2090. https://doi.org/10.1016/j.energy.2017.11.089
UNDP, 2000. World Energy Assessment. Energy and the challenge of Sustainability, Vasa.
UNDP, New York.
United Nations, 2018. Sustainable Development Goals [WWW Document]. Goal 7 Ensure
access

to

affordable,

Reliab.

Mod.

energy

all.

URL

https://www.un.org/sustainabledevelopment/energy/ (accessed 8.27.18).
Willenbockel, D., Osiolo, H.H., Bawakyillenuo, S., 2017. Macroeconomic Effects of a LowCarbon Electricity Transition in Kenya and Ghana: An Exploratory Dynamic General
Equilibrium Analysis. Munich Pers. RePEc Arch.
Zeyringer, M., Pachauri, S., Schmid, E., Schmidt, J., Worrell, E., Morawetz, U.B., 2015.
Analyzing grid extension and stand-alone photovoltaic systems for the cost-effective
electrification

of

Kenya.

Energy

Sustain.

Dev.

25,

75–86.

https://doi.org/10.1016/j.esd.2015.01.003

42

