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Abstract

The Bolivian Northern Amazon covers 21 municipalities and 84,209 households. A quarter of
them have no public electricity supply, and the region produces almost all of its electricity from
diesel. Those households have never been metered, so their demand appears in no record, and no
line reaches them, so serving them costs money that a generation model does not see.

This thesis asks what alternative energy transition pathways towards universal access cost and
emit for the region. Universal access here means that no household is left without electricity,
whether from a line or from its own solar system, and not that every household is connected.
RAMP, a stochastic bottom-up model, builds the demand of the unmetered households from the
appliances they own. EnergyScope MultiCell, a linear programming model of a whole energy
system, finds the cheapest mix of generation, storage and imports that supplies it. A geospatial
layer compares, community by community, a medium voltage line with standalone solar home
systems, and prices the network that follows. Five scenarios are built for 2025, and seven further
runs extend the analysis to 2035 and 2050, one of them with an announced electricity import from
Brazil. The comparison separates three levers: how the electricity is produced, the access given
to the households that have none, and the level of service assumed for the households that already
have electricity.

Rebuilding the supply is the largest lever, and it asks nothing of the population. Replacing
diesel generation with utility solar and battery storage cuts the annual cost of the system from
66.51 to 42.15 million euros and reduces its emissions by two thirds. However, waiting is ex-
pensive: by 2035 the annual cost of a supply that cannot be rebuilt exceeds that of a rebuilt one
by 45.39 million euros, and by 2050 by 70.85 million, because it keeps paying for fuel while the
demand grows.

Serving the 20,714 households that are badly served or not served at all costs 6.50 million eu-
ros more per year, of which 3.99 million is medium voltage line and 2.51 million new generation.
A study that prices only the power plants therefore reports less than half of what access costs.

The level of service assumed for households with electricity is more important than access
itself. Bringing every household of the region to the same sufficiency bundle, a normative mini-
mum of energy services, costs 35.27 million euros per year. This is approximately half of what
the region currently spends, because the connected households consume more than that bundle.
Emissions follow the supply and not the demand: the scenarios that replace the diesel plants emit
58 to 74 kilotonnes of CO2 equivalent per year, and those that keep them about 217. Rebuilding
the supply should therefore come first, and the access programme should be planned alongside it.
Only the storage decision should wait for the Brazilian interconnection, since electricity available
at every hour does what a battery does.
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1 Objective and scope

1.1 Context and motivation
The Bolivian Northern Amazon (BNA) covers the entire department of Pando, the northern munic-
ipalities of Beni and the municipality of Ixiamas in La Paz, totalling 21 municipalities. The region
holds 317,517 inhabitants and 84,209 households, and a quarter of them remain outside the public
electricity service: 11,389 households have no electricity supply at all, and another 9,325 rely on a
private solar panel or generator [1]. The detailed demographic baseline is presented in Section 4.2.
Most municipalities operate on diesel-based microgrids or have no formal electricity supply at all,
and the region burns about 512 GWh of diesel a year to produce its electricity. Road access across
the region is limited during the wet season (November to April), when heavy rainfall renders many
routes impassable [2].

This situation defines the planning problem addressed in this thesis. The region has to move from
diesel towards a reliable and low-carbon supply while reaching the households that have none, and
what that costs depends on two choices: the level of service assumed for each part of the population,
and whether the existing plants are kept or replaced. Different answers to those two choices lead to
different systems, and this thesis prices and compares them.

Data is another constraint. The demand of these households has never been measured, and the equip-
ment they own is known only as a municipal average. Their communities have been mapped, but
with data from 2012. Therefore, most of what a planner needs has to be built before anything can be
optimised, and this thesis does that work first.

1.2 Research question and objectives
Two features of the region shape the question this thesis asks. A quarter of its households have never
been metered, so their demand has to be built before it can be served. None of them is connected to the
public service today, so reaching them costs money that a generation model does not count, whether
that money buys a line or a standalone system. Both features are common across the Global South,
and neither is represented in the energy system models this thesis uses, which treat the distribution
network as already built and the demand as measured. The main research question is:

What are the costs and the emissions of alternative energy transition pathways towards
universal access in the Bolivian Northern Amazon?

Two terms of that question carry a precise meaning here. Universal access means that no household
is left without electricity, whether it receives that electricity from a line or from its own solar system.
It does not mean that every household is connected to a grid. A sufficiency bundle is a normative list
of the energy services a household needs for a decent standard of living, taken from the literature and
used here as one of the two demand definitions that are compared.

The question is evaluative, not prescriptive. The thesis compares the pathways on their annual cost
and on their emissions, and Chapter 7 closes on recommendations that follow from that comparison.

This thesis chains two models and a spatial post-processing layer to answer that question. RAMP, a
stochastic bottom-up demand model, builds the demand of households that have never been metered.
EnergyScope MultiCell, a linear programming model of the whole energy system, finds the cheapest
generation mix for that demand. The spatial layer adds the cost of reaching them, whether by extend-
ing a line or by installing a standalone system. The region is represented through five clusters, and
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that resolution keeps the main spatial differences while leaving the optimisation tractable.

Arias built this chain for Bolivia as a whole [3]. This work applies it to one region and keeps its
municipalities apart instead of merging them, and that resolution makes the problem visible. The
share of households connected to the public grid runs from 0.3 to 95.9 % between two municipalities
of the same region, and a regional average would erase the very problem this thesis studies.

The question is addressed through three objectives:

Objective 1. Demand characterisation.
Estimate the electricity demand of the region under two definitions: what the population consumes
today, reconstructed separately for the three groups that the census distinguishes, the households
connected to the public service, those supplied by their own panel or generator and those with no
supply at all, and what a normative sufficiency bundle would require of every household.

Objective 2. Generation mix optimisation.
Determine, for each combination of demand and investment rules, the cost-optimal technology
mix, storage and external supply, and identify which components of the annual system cost respond
to the demand definition and which respond to the supply strategy.

Objective 3. Transition pathway.
Establish the full cost of universal access, including the lines or the standalone systems needed to
reach the households that have none. Then follow the region to 2035 and 2050: compare a supply
that stays on diesel with one that is rebuilt, compare two dates for reaching every household, and
test what an electricity import from Brazil changes.

1.3 Thesis structure
The document follows the order of the work itself. Chapter 2 reviews how rural electrification is
planned where measured data is scarce, how a demand that has never been measured is built, and how
generation mix optimisation and spatial electrification tools split the planning problem, one resolving
the supply and the other the space. It closes by stating what this thesis adds to each of those three
strands.

Chapter 3 describes the two models and the spatial post-processing layer that are chained here: RAMP
for the demand, EnergyScope MultiCell for the generation mix, and the spatial layer for the network.
Section 3.4 sets out the change made to the optimisation model, without which the access question
could not be expressed. Section 3.6 states the rules that carry the whole chain to a future horizon.

Chapter 4 applies all three to the region. It builds the census baseline and the three populations
used throughout, defines the five scenarios, groups the 21 municipalities into five clusters, adapts the
demand inputs to the Amazon, and configures the model cluster by cluster. Section 4.9 classifies the
697 communities of the region between a grid extension and a standalone system, and Section 4.10
carries the region to 2035 and 2050.

Chapter 5 prices the five scenarios of 2025 and decomposes the distance between the present situation
and universal sufficiency into three steps, then reports the seven runs of 2035 and 2050 and compares
two access calendars against a region that keeps the supply it has today.

Chapter 6 reads these results from the point of view of someone who has to decide what to build, and
states what the model leaves out. Chapter 7 gathers the answer to the research question and closes on
three recommendations. Chapter 8 gathers the limitations that weigh most on the results, the others
being stated where they arise, and closes on the work this thesis makes possible.
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2 Literature review

2.1 Planning rural electrification under data scarcity
Around 666 million people in the world still had no access to electricity in 2023, and the pace of
progress is not enough to close that gap by 2030 [4]. What remains of the problem is also the hardest
part of it. The households still unconnected live in remote, low income and often fragile areas, which
is exactly where the cost per connection is highest and where the data needed to plan is thinnest.

Planning for those households means choosing between three options for every settlement: extend the
existing network, build a local mini-grid, or install standalone systems. The choice is economic and it
depends on distance, on the number of households and on how much electricity they will use. None
of these three quantities is easy to obtain in the places where the question arises.

The binding constraint is the data rather than the method. A household that has never been connected
has no consumption record, so there is nothing to fit a demand model on. Utility statistics cover
the systems that exist and are silent on everything else, which makes the unelectrified population
statistically invisible. In the municipal consumption database of [5], five municipalities of the study
area report zero measured consumption, not because nobody consumes anything there, but because
private panels and generators are not metered. Access is also a matter of degree. The Multi-Tier
Framework formalises this by grading it against the power a household can actually draw [6].

Bolivia is a good illustration of the gap between a national average and a local situation. The country
has raised its coverage substantially over two decades, and the remaining deficit is concentrated in
the rural lowlands and in the Amazon. The BNA is the extreme case: a quarter of its households are
either unconnected or supplied by their own equipment, and the coverage of its municipalities spans
almost the whole scale, as Figure 4 shows.

Most published work sits at one of two scales. National models cover the whole territory but aggregate
the rural population into large zones, which erases that heterogeneity [7, 3]. Community scale studies
keep the detail but describe one village, which is too small to inform an investment programme [8, 9].
The intermediate scale, a region large enough to be planned and small enough to keep municipalities
distinct, is where this thesis works.

2.2 Estimating a demand that has never been measured
Where consumption records do not exist, demand has to be built from the appliances people own
and the hours they use them. This demand is latent: it exists, it cannot be measured, and households
satisfy it as far as their own means allow. Mandelli et al. formalised this as a stochastic bottom-up
procedure and implemented it in LoadProGen, drawing each appliance switch-on at random within a
declared time window so that the aggregate profile of a community keeps the diversity of a real load
[10]. RAMP extends the same idea, adds randomness on power levels and duty cycles, and covers
services that are not purely electric such as water heating and cooking [11, 12]. Section 3.2 describes
the version used here.

RAMP was validated against measurements taken on the El Espino microgrid in Bolivia, which is
what makes it a defensible choice for this region rather than a generic one [11]. It has since been
calibrated for the main rural zones of the country, with appliance sets and usage windows built from
field surveys and national reports [13], and the lowlands configuration of that work is the starting
point of the inputs adapted in Section 4.5.
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Building the profile is only half of the problem. The other half is deciding what level of service to put
into it, and the literature answers that question in two incompatible ways.

The first answer is normative. It states what a household should receive and models that, whatever
it consumes today. Sanchez-Solis et al. define energy sufficiency as the set of services needed for
a decent standard of living, and derive electricity thresholds of 393 to 653 kWh per person and year
across five rural cases of the Global South, with cold storage as the dominant contributor and thermal
comfort as the main source of variation between climates [14]. Similar thresholds exist elsewhere,
expressed as a minimum annual consumption rather than as a list of services [15]. The appeal of this
approach is that it is a target. Its weakness is that it says nothing about the distance between the target
and the present situation.

The second answer is descriptive. It reproduces what is consumed today in regions with similar
conditions but with access to any form of supply, and projects it forward, which is what any model
calibrated on utility data does. It is grounded in measurement, and it inherits the inequality of the
situation it measures. In a region as unequal inside itself as this one, a demand built on the trend
keeps that gap open.

The two are rarely put side by side. Studies that soft-link a demand model to a generation mix optimi-
sation vary the demand along socio-economic trajectories rather than along the definition itself [16].
Work in the sufficiency line builds the normative demand and optimises against it, without a measured
counterfactual on the same territory [14, 3]. The comparison matters because the two definitions do
not only differ in level. A normative bundle is uniform across households and a measured demand is
not, and Section 5.8 shows that this changes which lever reduces the system cost the most.

One population falls between the two, and neither of the two lines of work represents it explicitly.
Households with a solar panel or a small generator are neither unelectrified nor properly served, and
no census records what they can actually run. The treatment adopted here combines the appliance
ownership of the census with the power ceilings of the Multi-Tier Framework [6], so that a solar home
system is not credited with a refrigerator it cannot start. Section 4.7.2 gives the resulting retention
factors.

2.3 Optimising the generation mix, from one village to a whole system
Once a demand exists, a model has to decide what satisfies it. Two families of tools do this and they
were built for different questions.

The first sizes a single system. Given a load profile and a solar resource, it finds the combination
of panels, batteries and generators that supplies that load at the lowest net present cost. This is
what microgrid design tools do, and they do it with a level of technical detail that a larger model
cannot carry. Their limit is the number of sites. Designing every community of a country one by
one is computationally out of reach, which is the problem Balderrama addresses by replacing the
optimisation of each site with a regression trained on a database of already optimised ones [17, 18].
That work computes a least-cost path to full coverage for the mid-size communities of the Bolivian
lowlands, which is the closest published precedent to the question asked here.

The second family optimises a whole system at once. These models cover every sector and every
energy carrier over a full year, and they answer where to invest rather than how to build one plant
[19]. OSeMOSYS is the most widely used of them [20]. EnergyScope belongs to the same family
but describes the system by its end uses rather than by its energy carriers [21]. A household does
not demand electricity, it demands light, cold storage and hot water, and the optimiser chooses which
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carrier delivers each of them.

That distinction decides the answer in this region. Cooking and domestic hot water are 74 percent of
the useful energy of the sufficiency bundle, as Table 8 shows, and neither has to be electric. A model
that starts from electricity demand cannot see that choice at all. Section 5.7 measures what it is worth
here.

EnergyScope MultiCell extends the formulation to several interconnected cells with their own de-
mand, resources and technologies [22]. The Bolivian branch of this line is well developed. A national
model covers the whole energy system to 2050 [7], and a fork adds home system technologies so that
dispersed households can be represented inside a national run [3]. Recent work links the same na-
tional model to a spatially detailed power system model [23], which shows that the spatial resolution
of the Bolivian branch is being improved, but on the transmission side rather than on the last mile.

Two things are missing from this family for the question of this thesis. The distribution network is
treated as already built, so reaching a household that has no line today costs nothing in the optimum.
The constraints available to hold part of a system fixed are also written as shares of a quantity the
optimiser itself decides, which makes them unusable when one population must stay exactly as it is
while another is served. Section 3.4 deals with the second, and the next subsection with the first.

2.4 Putting the network back into the picture
The cost of reaching a household is a geographic quantity. It depends on the distance to the nearest
line, on how many households share that line, and on how much each of them will draw. Geospatial
electrification tools answer this directly. OnSSET compares grid extension, mini-grids and standalone
systems for every populated point of a territory and returns a spatially explicit least-cost technology
mix, which removes the crude split between connected and unconnected that earlier planning relied
on [24].

The approach has been applied to Bolivia. Peña Balderrama et al. generate demand profiles with
RAMP, optimise mini-grids, and feed the resulting costs into OnSSET to classify communities [25].
The line and connection unit costs used in Section 4.9.2 come from that work. On the Bolivian
Highlands, Stevanato et al. formulate the same trade-off as a mixed integer problem and show that
adding the development opportunities lost under a limited service changes the optimal number of
connected households by up to a third [26].

Others have connected such a tool to a long-term planning model. Kenya and Ethiopia have both been
studied by soft-linking OnSSET to OSeMOSYS, so that the connections implied by an electrification
pathway appear in the capacity expansion of the power sector [27, 28]. This is the architecture that
comes closest to the one used here.

What these tools represent poorly is the supply. A geospatial model needs a cost per kilowatt hour for
each option, and it obtains it from a levelised cost or from a surrogate fitted beforehand. It does not
carry a full energy system, so cooking, hot water and the substitutions between carriers are outside its
scope. The two families are therefore complementary rather than competing: one resolves space and
simplifies supply, the other resolves supply and ignores space.

The layer built in this thesis sits on the simple side of that comparison. It builds the network as a
shared tree rather than optimising its routing, and it does not consider intermediate configurations
such as a village mini-grid. Its purpose is to supply the two quantities that the optimisation cannot
compute on its own, and Chapter 8 states what it leaves out.
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2.5 Contribution of this work
The previous subsections leave three openings, and this thesis works in each of them.

The sufficiency literature defines what a household should receive and optimises a system against
it [14, 3]. It does not say how far the present situation is from that target, because it carries no
measured counterfactual. This work builds both on the same region and with the same model. The
current system is costed from utility sales and existing plants, the sufficiency target from the normative
bundle, and three intermediate configurations separate the two so that the distance between them can
be walked in steps that add up exactly. Section 5.8 gives that decomposition. It shows that the demand
definition is not a second order assumption: bringing the connected households down to the bundle
saves more than three times what serving the unconnected ones costs.

Expressing that comparison required a change to the model rather than to its inputs. The constraints
available in EnergyScope MultiCell bound a technology as a share of a quantity the optimiser itself
decides, which fails as soon as one population must stay exactly as it is while another is served.
Two absolute bounds on annual production were added, a floor and a ceiling. The floor makes the
cost of access measurable against a frozen system, and the ceiling stops a household generator from
supplying consumers it cannot physically reach. Section 3.4 states the formulation and why a capacity
factor could not play the same role.

Even with those bounds, a whole energy system model assumes the distribution network is already
built, so connecting a household that has no line today costs nothing in its optimum. The spatial layer
of Section 4.9 removes that assumption. It extends the existing medium voltage network community
by community and keeps a line only where that line beats a standalone system, so it classifies the 697
communities of the region and prices the network at the same time. In this region, of the 6.50 Me/yr
that universal access costs above the current system, 3.99 are medium voltage lines and only 2.51 are
generation. Therefore, a planning study that stops at the generation optimum reports less than half
of the real figure. This is a lower bound, since the increment does not cover the replacement of the
equipment of the households that stay dispersed.

Three further choices follow from the region rather than from the literature. The analysis works at
municipal resolution, because a regional average would hide how far apart the municipalities of this
region are. It represents the households that own a panel or a generator as a population of their
own, neither unserved nor properly served, by crossing the appliance ownership of the census with
the power ceilings of the Multi-Tier Framework [6]. It also keeps cooking and domestic hot water
inside the system boundary, and that matters more than expected: the choice between a solar collector
and an electric resistance is worth four fifths of the entire medium voltage network in the sufficiency
scenario. Section 5.7 quantifies it.

What is new here is the comparison that the chain makes possible on one territory. Each of the three
links has a precedent taken on its own [3, 25, 27, 28], and none of those precedents puts a measured
demand, a normative one and the network that serves them on the same region and inside the same
model.

3 Methodology

3.1 Pipeline overview
Planning the energy transition of an isolated region raises two problems that a standard energy system
model cannot solve on its own. The first is the demand. There is no measured consumption data for
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households that have never been connected to a grid, so there is nothing to optimise against. The
second is the network. Once a least-cost generation mix is found, the model assumes that every
household can already be reached, so the cost of building the lines to connect them is simply missing
from the result. The methodology of this thesis chains two models and a spatial post-processing layer
to deal with both problems. Figure 1 gives an overview.

RAMP generates the demand. It is a bottom-up stochastic model: instead of starting from consump-
tion records, it starts from a list of appliances. Each consumer type, such as a household, a school or
a shop, is described by its appliances with their rated power, daily usage time and the time windows
in which they are used. RAMP then draws load profiles at one minute resolution, adding randomness
to the switching times so that no two days are identical. This makes it suitable for regions where
the only available information is what people own and how they use it. The output is one demand
profile per consumer type, which is scaled by the number of consumers to obtain the demand of a full
community.

EnergyScope MultiCell optimises the generation mix. It takes the annual demand and its hourly
profile as inputs, together with the resources and technologies available in each part of the region, and
finds the combination of generation, storage and imports that meets the demand at the lowest total
annual cost. The region is divided into a small number of cells that can exchange electricity, which
keeps the main spatial differences without making the problem too large to solve. The outputs are the
installed capacity of each technology, its hourly operation, the total annual cost and the emissions.
One thing is missing from this optimum: EnergyScope treats the distribution grid as already built, so
connecting a household that has no line today costs nothing in the model.

The spatial layer fills that gap. Using the location of each community and the geometry of the existing
medium-voltage network, it compares two options for every community: extending a line from the
nearest grid, or installing standalone home systems. The cheaper option per household wins. This
classification produces the two numbers that EnergyScope cannot compute on its own. The share of
demand that should be served by home systems is fed back into the optimisation, and the cost of the
line extensions is added to the generation cost to obtain the full cost of universal access.

The next subsections describe each model in turn, and Chapter 4 applies the full chain to the BNA.

The models pass data through files, so every transfer between two stages is checked against a total
computed independently on the other side, and any discrepancy is treated as a defect until explained.
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Figure 1: The pipeline of this work. Solid arrows carry the demand and the results, dashed arrows
the two quantities the spatial layer feeds back.

3.2 Demand modelling with RAMP
RAMP (Remote Areas Multi-energy load Profiles) is an open source stochastic model that builds an
electricity demand from the bottom up [12, 11]. It was designed for the situation this thesis faces:
places where consumption has never been measured, and where the only thing that can be described
is what people own and roughly when they use it. Rather than extrapolating from records that do not
exist, it starts from an appliance list and simulates the behaviour of the people using it. The model
has been calibrated and validated for rural Bolivian communities [13].

Each type of consumer is described as a list of appliances. For every appliance the model needs the
rated power P, the number of units present, the total time it runs on an average day t, the time windows
during which it may run, and the minimum duration of one switch-on c. Two further parameters set
how much these can vary: one shifts the boundaries of the time windows from day to day, the other
stretches or shrinks the daily usage time by a fraction rt . From this description RAMP draws a switch-
on schedule for every appliance on every day of the year, and sums them into a load profile at one
minute resolution.

That schedule is drawn in three steps, and an appliance may also stay off for the whole day. An
occasional appliance carries a probability ϕ of being used at all, drawn once per unit and per day,
and this is how an ownership rate enters the model. When the appliance is used, its realised daily
functioning time is drawn around the declared one:

ν ∼ U (1− rt ,1+ rt), T̃ = max(c, roundU (t,⌊tν⌋)) (1)

The draw has two stages rather than one, since the width of the second interval is itself random. The
result is centred on t but concentrated around it, and it is floored at the minimum duration of one
switch-on. It is also capped by the total width of the usage windows, which binds only for appliances
declared to run almost all day.

The switch-on events are then drawn one after the other. Let F be the set of intervals still free inside
the windows, each written [α,ω). An event may start at any minute that leaves at least c free minutes
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in front of it, so the admissible set of start times is

A(F) =
⋃

[α,ω)∈F, ω−α≥c

{α,α +1, . . . ,ω − c} (2)

and the start time and the duration of one event are

τ ∼ U (A(F)), D =
⌊
U (c,min(T̃ ,ωτ − τ))

⌋
(3)

where ωτ closes the free interval that contains τ . The occupied minutes leave F , so two events of the
same appliance never overlap, and the draw repeats until the occupied minutes reach T̃ . No hour is
preferred inside a window: the whole shape of the profile comes from the windows, from the durations
and from the aggregation, and never from an imposed time preference.

A power is finally assigned to the occupied minutes. An appliance without a duty cycle carries one
level over the whole event:

p(m) = ξ nonP, ξ ∼ U (1− rp,1+ rp), m ∈ {τ, . . . ,τ +D−1} (4)

where rp is the variability on the power and non the number of units switching on together. An
appliance with a duty cycle C repeats that cycle over the event instead:

p(τ + j) = nonC [ j mod |C|] , j = 0, . . . ,D−1 (5)

so the load of such an appliance is carried by the levels declared in its cycle rather than by the rated
power. The refrigerator of this work is in that case, with a compressor level and a standby level
alternating inside every switch-on.

The randomness matters more than it might seem. To simulate a community of five hundred house-
holds, RAMP does not compute one household and multiply by five hundred. Every consumer is
drawn on its own, so the profile of a community is

P(t) = ∑
u∈U

Nu

∑
i=1

pu,i(t) (6)

where U is the set of consumer types, Nu the number of consumers of type u present in the community,
and pu,i(t) the profile drawn for the i-th of them. The individual peaks therefore do not line up. What
comes out has the smoothing and the diversity of a real community load, with a realistic ratio between
the peak and the average. This is what makes the output usable by a system optimisation, since an
artificially peaked demand sizes the supply far too large.

Demand is described in three groups: households, community services such as schools, health centres
and public lighting, and income generating activities such as shops, restaurants and small workshops.
Keeping them separate matters because they load the system at different hours of the day, and because
they scale with different drivers. Household demand follows the population, while the other two
follow the level of service and economic activity a community has reached.
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The last step of the chain is a change of units. RAMP produces electricity, which is what goes into the
appliance. EnergyScope works with useful energy, which is the service that comes out of it: the light
in the room, the cold inside the fridge, the heat in the water. The two are linked by the efficiency of
the appliance, and EnergyScope carries those efficiencies in its own database. Each RAMP category
is therefore mapped to an EnergyScope end use, and the annual useful demand of that end use is

Deut(c) = ηeut ∑
a∈Aeut

Ea(c) (7)

where Aeut is the set of RAMP categories mapped to the end use eut, Ea(c) the annual electricity
that category a draws in cluster c, and ηeut the conversion efficiency of the appliance that serves the
end use. Doing it this way is what leaves the optimiser free to choose which technology, and which
energy carrier, delivers the service. The conversion is applied when the demand file is written, so
EnergyScope receives useful energy and applies no efficiency a second time. Section 4.8.3 gives the
mapping used here.

Two separate inputs are extracted from the same RAMP output. The annual useful demand of each
end use sets the level, and a normalised hourly profile sets the shape, telling the model how that annual
total is distributed across the 8,760 hours of the year. Splitting level from shape means the two can
be adjusted independently, which is what makes it possible to build a scenario where the amount of
demand changes but its timing does not.

3.3 EnergyScope MultiCell
EnergyScope MultiCell (ESMC) is an open source linear programming framework that optimises at
the same time the investment in an energy system and its hourly operation over a full year [22, 29].
The system is divided into cells. Each one has its own demand, its own resources and its own set of
available technologies, and clusters can exchange energy carriers subject to a transfer capacity and a
transport cost. In this work a cell is a cluster of municipalities, and the text says cluster from here on.
The model code calls the same object a region. The optimiser minimises the total annual cost of the
whole system, which is the sum of the annualised investment, the maintenance and the operating cost
of the resources used.

Building a model requires three groups of input files: parameters shared by all cells, such as the dis-
count rate, the network losses and the resource prices; exchange parameters describing the distances
and transfer capacities between cells; and one set of files per cell describing its demand, resources
and technologies. Chapter 4 gives the values used for the BNA.

The version used here is the fork developed for isolated Bolivian communities [3], which adds home
system technologies to the standard formulation. The base technology and resource parameters come
from the national Bolivian model [30]. The subsections below describe the mechanisms that matter
for this work: the home systems, the treatment of already existing capacity, and the decentralised heat
layer that serves domestic hot water.

3.3.1 Model overview

The temporal resolution uses 16 typical days selected by K-medoids on the hourly profiles, following
the EnergyScope TD methodology [21]. The number of days is kept from the configuration of Arias
[3], so the results of the two studies stay comparable. This reduces the 8,760 hours of the year
to a tractable set while preserving the variability of demand and renewable supply. The model is
implemented in AMPL/Julia.
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The model resolves an energy balance. At every hour of every typical day, the supply of each energy
carrier must equal its consumption, and the optimiser adjusts the capacities so that the balance is main-
tained over the whole year. However, this balance is an energy balance and nothing else. The model
does not consider power flow, voltage, frequency or reserve requirements, so a mix that balances en-
ergy can have operating problems that the model cannot anticipate. This thesis therefore assumes that
dispatch is sufficient to cover demand and the flexibility required. Dedicated power system tools can
verify that assumption, and a soft-link between the national Bolivian model and such a tool already
exists [23]. Applying this to the mixes in Chapter 5 is a natural extension of this work. The year is
also represented by 16 typical days, and daily storage returns to its starting level at the end of each of
them, so a sequence of several overcast days does not exist in the model and the batteries are sized
for the worst typical day rather than for the worst week. Both simplifications point the same way:
the systems that rebuild the supply come out smaller and cheaper than a system built to a reliability
standard would.

3.3.2 Home system technologies

In the standard formulation all consumers of a cluster draw from a single shared electricity layer,
which implicitly assumes that a distribution grid reaches every one of them. In an isolated region this
is not true, and a household far from any line has to generate its own electricity on site.

The fork used here adds a dedicated set of home system technologies for this purpose: an individual
photovoltaic panel, a small household diesel generator and a dedicated battery. Two things separate
them from their utility scale equivalents. They carry no network losses, since production and con-
sumption happen at the same point. And a coupling constraint forces the home battery to be charged
only by the home panel, which stops the optimiser from treating it as cheap storage for the rest of the
cluster.

How much of the demand of a cluster is served this way is controlled by two mechanisms rather than
one, and they work in opposite directions.

The first is a minimum share. The parameter share_dispersion requires the home system tech-
nologies to cover at least a given fraction of the electricity supplied to the cluster, and the requirement
holds for every hour of every typical day. Left at zero it constrains nothing and the optimiser decides
freely. Set to a positive value it is a floor, and a floor can only push the production of the home systems
up.

The second is a pair of bounds on the yearly production of a technology, written as a quantity of energy
rather than as a share. The floor plays the same role as the minimum share but with a fixed right hand
side, which the share does not have. The ceiling has no equivalent in the standard formulation, and it
is the only way to push the production of a home system technology down rather than up.

The second mechanism answers a problem the first cannot address: a technology belonging to a
single household can end up supplying consumers it cannot physically reach. Section 3.4 describes
both bounds, and Section 3.5 explains where the values come from.

3.3.3 Brownfield treatment of existing capacity

A snapshot model of an existing system has to represent power plants that are already built. These are
given a forced minimum capacity, but charging them the full investment cost of a new plant would be
wrong, since that money has already been spent. The investment cost constraint is therefore modified
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so that capital expenditure applies only to the capacity built beyond what exists:

Cinv = cinv · (F − fmin) (8)

where F is the total installed capacity of the technology and fmin the capacity already in place. Ex-
isting plants still carry their maintenance cost and still consume fuel when they run, but they add
no capital cost to the system. Without this correction the model would charge greenfield capital ex-
penditure on the whole fleet, and the cost of the current system would be strongly overstated. The
same rule applies to the home system technologies, where the panels and generators that households
already own are credited in the same way.

3.3.4 Water heating in the decentralised heat layer

Domestic hot water is not served on the electricity layer. It is served on a separate low temperature
heat layer, where three technologies can meet the demand: a direct electric resistance heater, a solar
thermal collector and an electric heat pump. Each of them is coupled to a hot water storage tank,
which lets the model produce heat at a different moment from when it is used. The solar collector has
no storage of its own, so it is attached to a host technology and shares its tank.

The two layers are linked, since the electric options draw power from the electricity layer to produce
heat. The choice of water heating technology therefore changes the electricity demand that the supply
side has to cover, and a technology that produces heat directly from the sun removes that demand en-
tirely. This is a power-to-heat coupling between the electricity and heat sectors. Full sector coupling,
which would also include transport and industry, is outside the scope of this work.

Figure 2 shows how the pieces fit together for a single household.

Solar collector
(thermosiphon)

Storage tank
(TS_DEC)

+ resistance backup

PV panel

Hot water
to household

Cold water inlet

heated water electric backup

hot water cold water electricity (backup)

Figure 2: Household domestic hot water system. The optimiser chooses how much of the yearly
demand each path serves.

One limitation follows from the temporal structure of the model. Hot water demand carries no time
series of its own, so the model divides the annual total by the 8,760 hours of the year and holds that
value at every hour, in every typical day and every season. The morning and evening draw peaks
that RAMP produces are therefore invisible to the heat layer, and the storage they would call for is
handled implicitly by the daily tank rather than resolved hour by hour. The same convention applies
in every scenario, so the comparisons of Chapter 5 hold. What it affects is the sizing of the tanks,
which comes out optimistic, and probably the comparison of Section 5.7, since a flat draw favours the
solar collector against the electric resistance.
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3.4 Constraining production volumes
Two situations in this thesis require part of the system to be held fixed while the rest is optimised. The
first is a question about access. It asks what it costs to supply the households that have no electricity,
while the households that already have it keep being served exactly as they are today. The difference
in cost against the current situation is then the cost of the access, and nothing else. The second is a
question of physical reach. A technology that belongs to a single household must not end up supplying
the rest of the cluster. Both require the model to be told how much energy a given technology delivers
over the year. EnergyScope MultiCell had no way to say that.

What it had was a minimum share. Before writing it, two quantities are useful. The yearly production
of a technology j in a cluster c is its hourly output summed over the typical days, each hour weighted
by the number of real hours it stands for:

P(c, j) = ∑
t∈PERIODS

Ft(c, j,ht , tdt) top(ht , tdt) (9)

The yearly supply of an end-use layer eut is the same sum over every technology that serves it, plus
what the resources bring to that layer:

S(c,eut) = ∑
j′∈Teut

P(c, j′)+ ∑
r∈RES

∑
t
ℓr,eut

(
Rloc

t +Rext
t +Rimp

t −Rexp
t

)
(10)

where ℓr,eut is the conversion coefficient of resource r into layer eut, and the four R terms are the local,
external, imported and exported use of that resource. The existing constraint then forces a technology
to cover at least a given fraction of that supply:

P(c, j)≥ f perc
min (c, j) ·S(c,eut) (11)

The problem is that j is itself part of S. Forcing the technology to produce more raises S, which raises
the floor it has to meet. The target moves as soon as it is pushed.

This showed up clearly in practice. The production always landed below the intended value, and the
shortfall was the same percentage for every technology sharing a layer. A wrong input would not do
that. A shared right hand side would. Recalibrating the percentage from the observed result closed
part of the gap at each attempt, but never all of it. The limitation is in the shape of the constraint, not
in its calibration.

3.4.1 An absolute floor on yearly production

The model was therefore given a second option. A parameter f prod
min (c, j) sets a minimum yearly

production in GWh, and the constraint becomes:

P(c, j)≥ f prod
min (c, j) (12)

The right hand side is now a number. It does not depend on anything the optimiser decides, so the
target is met exactly. The constraint fixes how much a technology produces over the year. It does not
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fix when. The optimiser can still move that production between hours, and it stays free on the rest of
the system.

3.4.2 An absolute ceiling on yearly production

A floor alone is not enough. The same mechanism is needed in the other direction, for a reason that
comes from the structure of the model rather than from the data.

A cluster has a single electricity layer. Every consumer of the cluster draws from it, and the model
has no way to tell apart a household connected to the grid from one that is not. The home system
technologies of Section 3.3.2 are correctly excluded from the network losses, because production and
consumption happen at the same point. That exclusion has a side effect. Their delivered kilowatt
hour is cheaper than the one delivered by a utility scale plant of the same fuel, which pays the losses.
The optimiser sees a cheap supplier and uses it. It runs the generators of off-grid households to serve
demand elsewhere in the cluster.

This is physically impossible. A household that is not connected to any line can only supply itself.
What the shared layer cannot represent is a topology, and no price signal will restore it.

The parameter f prod
max (c, j) closes this, symmetrically to the floor:

P(c, j)≤ f prod
max (c, j) (13)

Setting the ceiling equal to the demand of the households that own the technology restores the balance
that the missing topology would have imposed. The value is not fitted to a target cost. It follows from
the definition of the population itself, since a household counted as off-grid is one that no line reaches.
The correction therefore states a fact about the system.

The bound constrains a volume, not a destination. On a shared layer the model still cannot say which
household received which kilowatt hour. What it can guarantee is that the technologies owned by off-
grid households deliver over the year exactly the energy those households consume. That remaining
ambiguity is a property of the single layer. Every statement in this thesis about home systems is
therefore a statement about volumes and not about topology. Representing the off-grid population
properly requires a second electricity layer per cluster, which is a change to the shared model code
rather than to its inputs.

3.4.3 Why a production bound rather than a capacity factor

The model already carries a parameter that limits the yearly production of a technology. It is called
cp, and the constraint it enters bounds exactly the quantity of Equation 9:

P(c, j)≤ F(c, j) · cp(c, j) ·T (14)

where F(c, j) is the installed capacity of the technology and T the total number of hours the year
represents. Lowering cp so that the technology simply runs less was the obvious route. It was not
taken, and the reason is not the same depending on whether the capacity is fixed or free.

Where the capacity is locked to what already exists, F is a constant and the right hand side is a
number. The bound would work. But obtaining a chosen production would mean solving backwards
for cp, which is setting a technical parameter from the answer it is supposed to produce. The value
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would describe nothing about the machine and would not transfer to any other study. There is nothing
to calibrate it against either, since the measurements available in the literature describe backup units
or community generators rather than a domestic primary supply [9].

Where the capacity is free, the problem is a different one, and it is the problem already met above.
F is a decision variable, so the right hand side moves with whatever the optimiser chooses to install.
Pushing the production up raises the capacity, which raises the bound. This is the moving target of
Equation 11 in another form.

That is the common thread between the two routes that were not taken. Neither of them constrains a
production, because neither has a constant right hand side. One is a fraction of the supply of a layer,
the other a fraction of an installed capacity, and the optimiser decides both. The bounds added here
are absolute.

3.4.4 Implementation in the model

Both bounds are inactive by default, the floor at zero and the ceiling at a value far above any production
the system could reach. A scenario that sets no value is therefore left untouched.

The constraint rows are also generated only for the technologies that carry an explicit bound. A
technology left at its default produces no row at all, rather than a row whose right hand side lies many
orders of magnitude outside the range of any feasible production. This matters because the model
already spans a very wide range of magnitudes, from household scale capacities of a few hundred
watts to regional energy flows of hundreds of gigawatt hours. Keeping the numerical range of the
problem close to the range of its meaningful values costs nothing to implement and avoids adding
solver noise that would be invisible in the results.

3.4.5 Scope of the contribution

The difference between constraining a share and constraining a volume does not matter when the
whole system is optimised at once, which is the usual setup in a study of the future. It matters as
soon as one part of the system has to stay untouched, or as soon as a technology has to be prevented
from serving a demand it cannot reach. Both are normal shapes for a question about access, where the
point is to compare against what exists rather than to redesign it. Making those questions expressible
is the methodological contribution of this work.

3.5 Spatial electrification layer
The layer classifies each community of the region as connectable, meaning that reaching it with a
medium-voltage line costs less per household than equipping it with a standalone system, or dispersed,
meaning the opposite. The classification rests on a cost comparison rather than on a fixed distance
threshold, and no community is evaluated in isolation. The network is built as a single tree growing
from the medium-voltage lines that already exist, so a line built to reach one community becomes
available to the communities behind it. The cost of reaching a given community therefore depends on
which other communities are already connected, and the layer builds the network and classifies it at
the same time, following the greedy logic that spatial electrification tools apply at national scale [24].

At each step the cheapest remaining community is attached to the network as it currently stands: on
an existing line, on a connected community, or by a mid-span tap on a line already built. A tap creates
a junction node, which carries no household, no transformer and no connection. The candidate is
accepted if its cost per household beats the annualised cost of a standalone system, and rejected
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definitively otherwise, so the procedure terminates. For a candidate at a marginal distance d (km)
from the network as it stands, with N households, the overnight cost per household is

extHH =
cline ·d + ctr

N
+ cconn (15)

where cline is the cost per kilometre of medium-voltage line, ctr the cost of the transformer station
that every connected community requires, and cconn the connection cost per household. The result
is annualised over the lifetime of the line. The breakeven is therefore endogenous. It varies with
community size, since a larger community spreads the same line over more households. It also varies
with the order in which the communities are treated, since d is measured against the network as it
stands and not against the network that exists before the procedure starts.

The first community of a chain justifies the whole segment that opens the chain, and the communities
behind it only pay their own branch. This is a sorting criterion and not a billing rule. It is also how a
real network extends, since a line is justified by the first settlement it reaches and makes the next ones
cheaper.

A greedy procedure carries no guarantee of optimality, since the order of examination shapes the
tree, and the trees published here are 7.6 to 8.3 percent longer than the minimum spanning tree over
the same nodes. Distances are straight lines, with no detour for rivers, terrain or rights of way,
and a tap sits at its geometrically ideal point on a segment, which no built line would match. The
cost is incomplete too. It carries medium voltage only, without the low voltage network inside each
community, without any reinforcement of a conductor feeding a long chain, and without operation
and maintenance. Edges never cross a cluster boundary either, so a community is always attached
inside its own cluster even where a neighbouring line passes closer. The omissions push the cost
down and the greedy tree and the cluster rule push it up. The two are not weighed against each other
here, so the sign of the net error is not established.

3.6 Projecting the system to 2035 and 2050
The chain described so far produces a snapshot. Extending it to a future horizon requires four further
quantities: the population and the number of households, the share of them that has electricity and by
what means, the demand that follows, and a convention for reporting the cost of a system that inherits
what an earlier horizon built. This section states the rules used to obtain them. Chapter 4 applies
those rules to the study area and gives the resulting values.

3.6.1 Projecting the population and the number of households

The official municipal projections of the Bolivian statistical institute stop in 2034 [31]. Nothing
official exists beyond that date at municipal resolution, and nothing official exists at all for the number
of households, at any horizon. Both have to be built. The energy system is sized by households rather
than by people, since a household is what receives a connection and what owns a refrigerator, so the
link between the two carries most of the method.

The projection combines two rules. The regional total is projected by a deceleration rule anchored on
the national growth profile, which the institute publishes to 2050 [32]. The growth rate of the region
in year t is its 2034 value multiplied by a factor ρ(t), which is the national rate of that year divided
by the average national rate over 2032, 2033 and 2034. The three year average is needed because the
national rates are of the order of 0.13 % per year by then, and a ratio of numbers that small is unstable
without smoothing. The distribution of the regional total across the municipalities is projected by a
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proportional logistic model calibrated on the relative trajectory of the official municipal shares. This
is the architecture of the institute itself, a controlled total distributed by a share model [33].

One precaution governs every number obtained this way. The official projections start from a con-
ciliated population, corrected for census undercount, which is higher than the census count itself. In
2024 the institute gives 11,916,453 inhabitants for Bolivia against 11,365,333 counted, a difference
of 4.85 %. Using those levels directly would make the projected years inconsistent with the census
baseline of the 2025 scenarios. Only ratios of the official series are used, applied to the census counts,
so the levels of this thesis stay census levels throughout.

Household size is not projected directly. What is projected is the gap between the growth rate of
households and that of the population, because that gap is the mechanism at work and it is directly
observable on two intercensal periods. That gap narrows over time, and it is extended past the last
census with a decay factor estimated on those two periods. Two starting gaps are used, one for the
urban municipalities and one for the others, while the decay factor is shared. Section 4.10.1 gives the
values and says which alternatives were rejected.

3.6.2 Projecting who has electricity, and by what means

The households are then split between the three populations of Section 4.2.1. The access rate of each
municipality is projected first, as the share of dwellings with electricity from any source. That access
is split between a line and a standalone system next. Both are finally applied to the household counts.

The order is forced by the data. The 2001 census records only whether a dwelling has electricity,
not where that electricity comes from, and the categories for a private generator, a solar panel and
other sources appear for the first time in 2012 [1]. The only variable available on three census dates
is therefore the aggregate access rate, Source A and Source B together. The split between the two
cannot be projected from the census at all and has to come from elsewhere. This is a data constraint
rather than a methodological preference, and it explains the whole architecture of the method.

Access is projected by closing a constant fraction of the remaining gap to full coverage each year.
Writing am(t) for the access rate of municipality m in year t, that fraction is read from the last two
censuses:

rm = 1−
(

1−am(2024)
1−am(2012)

)1/12

(16)

A constant closure approaches full coverage without ever reaching it. Since a trajectory is defined by
the year in which it arrives, the closure is normalised over the length of the scenario:

ϕm(t) =
1− (1− rm)

t−2024

1− (1− rm)T am(t) = am(2024)+ϕm(t)(1−am(2024)) (17)

where T is the number of years to the target. This reaches full access exactly at the target year without
forcing the last value, and it preserves the relative positions of the municipalities. Where the estimated
fraction is zero the closure is linear, ϕm(t) = (t −2024)/T .

The rate rm is estimated on the 2012 to 2024 period alone rather than on the full 23 years, and Section
4.10.1 says why, and what a straight line in percentage points per year gives instead.

No parameter is set by hand for any municipality. The rate rm is estimated separately for each one and
the form does the rest, so the pace is uniform in fraction of gap closed and heterogeneous in points
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per year, which is the behaviour a real electrification programme has.

The second layer does not come from the census. It comes from the spatial layer of Section 3.5, which
classifies every community as connectable or dispersed. For each municipality, the dispersed share is
the fraction of the unconnected basin, Sources B and C together, that lives in a community classified
as dispersed. That share is recomputed at each horizon, since the classification runs again on the
projected household counts rather than being extended from 2024. A larger community spreads the
same line over more households, so the extension cost per household of Equation 15 falls and more
communities pass the breakeven: 626 in 2024, 645 in 2035 and 651 in 2050.

The third layer moves the households between the three sources, in three flows. Households already
in Source A stay in Source A and grow with their municipality. Households in Source B split in
two, since those in a dispersed community stay in Source B, no line ever being cheaper for them,
while those in a connectable community move to Source A at the pace at which the line reaches
them, measured by the fraction of the access gap already closed in their municipality. Households
leaving Source C are shared between Source A and Source B according to the dispersed share of
their municipality. The second flow is not a behavioural assumption, since the line is built to reach the
Source C communities whatever happens and a Source B household on its path only pays a connection
cost.

3.6.3 Projecting the demand

The sufficiency bundle is normative and fixed, so projecting it would only be a matter of counting
households. No projection scenario carries it, as Section 4.10.5 states. The demand that has to
be rebuilt is the measured demand of the connected households, estimated in Section 4.7.1 from
utility sales. That method is reused unchanged, and three things about it change once the year is
no longer 2025: appliance ownership evolves, the number of Source A households comes from the
access trajectory above, and the calibration against the measured utility total disappears, because no
measurement exists after 2025.

A data constraint decides how ownership is projected. The appliances that carry the demand have
a single observation in time, since the census reports water heater, refrigerator, air conditioner, mi-
crowave and washing machine ownership for 2024 only. The appliances with a full history, radio,
television, telephone, computer and internet, carry a few tens of kilowatt hours each. Everything with
a time series is negligible and everything that matters has one point, so extrapolating a trend is not an
option for the bulk of the demand.

What exists instead is variation in space. The 21 municipalities span the whole range of electrification
in 2024, and that spread describes the path a municipality follows as it electrifies. Ownership is
therefore regressed on the access rate across the 21 municipalities and projected forward with the
access trajectory. Space is substituted for time, and the access projection feeds the demand directly.
The substitution stays inside the observed range, since three municipalities already exceed 90 %
access, so projecting a municipality towards full access interpolates between observed states rather
than extrapolating beyond them.

The substitution was tested out of sample on the five appliances that do have a history. The relation-
ship was fitted on 2012, used to predict 2024, and compared with the census, against a competitor
that simply freezes ownership at its 2012 level. Three appliances out of five favour the access re-
lationship and two favour freezing. The average advantage of 2.28 points is almost entirely carried
by the telephone, which gained 13.3 points and whose penetration owes more to the rollout of the
mobile network than to electrification. The two appliances that most resemble a refrigerator, durable
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and permanently plugged in, are the two where freezing wins. The test therefore does not validate
one rule for everything, and it is applied appliance by appliance, as Table 44 in Appendix D states.

Two further rules complete the demand. The scaling factor that calibrates the bottom up estimate on
measured sales is frozen at its 2025 value, since it absorbs the appliances the census does not record,
the gap between municipal ownership and the ownership of connected households, and the intensity
of use, none of which evaporates in 2035. Only the residential sector carries such a factor. Public
lighting and the general commercial tariff follow the number of Source A households, consistent with
the allocation rules of Section 4.2.2, while the industrial tariff and the residual other category are
frozen at their 2025 level, since they are Brazil nut, rice and timber processing and their scale follows
harvests.

3.6.4 Costs, inheritance between horizons, and what may be compared

Four technologies carry a declining investment cost, taken from the moderate innovation scenario of
the NREL Annual Technology Baseline [34]. The ratios of Table 2 are applied to the 2025 catalogue
value at each horizon, never in cascade. Maintenance costs, construction emissions and lifetimes are
unchanged, and every other technology keeps its 2025 cost, including diesel, the medium voltage line
and the solar water heater.

Table 2: Investment cost ratios applied to the 2025 catalogue value. Dimensionless, from the NREL
Annual Technology Baseline, moderate scenario.

Technology 2025 value 2035 2050

Utility solar 882.21 e/kW 0.600 0.458

Lithium battery 425.88 e/kWh 0.757 0.555

Household panel 2,730 e/kW 0.65 0.46

Household battery 594 e/kWh 0.76 0.61

The baseline has a 2022 base year, so these are ratios between two years of its series rather than
reductions measured from 2025. Three of the four match the reductions the baseline publishes for the
corresponding technology to within half a percentage point, which confirms that each ratio was paired
with the right technology. The fourth, the lithium battery, has no directly comparable published figure.
The ratios are dimensionless, which would protect them from the mixed vintages of the catalogue
only if the base year of each matched the vintage of the value it multiplies, and it does not. The
solar collector carries no ratio at all, for want of a source, so its price stays flat while photovoltaic
capital falls to 46 percent of its value by 2050. Section 5.9 shows the water heating lever falling from
10.6 percent of the annual cost in universal sufficiency to 0.3 percent in 2050. That collapse has two
causes, a hot water demand eight times smaller in the projections and a collector price that stays flat
while the panel falls, and Section 6.5 separates them. The second cause is an artefact of the catalogue
and must not be read as a statement about solar thermal collectors.

Each horizon starts from what the previous one installed. The capacity of 2035 becomes the brown-
field floor of 2050, and Equation 8 charges no capital on it. The fleet of 2025 does not reach that far,
since the diesel plants and the existing solar plant come to the end of their life before 2050, so their
floor drops to zero at that horizon and a scenario that still needs diesel in 2050 has to pay for it.

Chaining the horizons this way breaks the brownfield rule. In 2050 the floor contains everything 2035
built, which is still being paid off, and the optimisation treats it as free, so a trajectory that invested
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heavily in 2035 looks cheaper in 2050 for no real reason. The costs reported for the projections are
therefore reconstructed. Capacity inherited from 2035 is re-invoiced at its 2035 cost, while capacity
older than 2025 stays free because it genuinely is amortised. The reconstruction changes nothing at
2025 or at 2035, where the two figures agree to the euro, and it changes the 2050 runs only, always
upward. The correction is proportional to what a trajectory built in 2035, which is why it cannot be
left out: on the raw figure, building early buys a discount that nothing in the real system pays for.

That convention fixes what may be compared. The reconstruction re-invoices the fleet chained from
2035 but not the one that predates 2025, so the two horizons do not sit on the same accounting basis.
Scenarios may be compared with each other at a fixed horizon. The change of one trajectory between
2035 and 2050 cannot be read causally, since it mixes a larger demand, cheaper technologies, the
retirement of the old fleet and the completion of access.

4 Case study: the Bolivian Northern Amazon
Chapter 3 describes the two models and the spatial layer. This chapter applies them to the BNA, and
most of it is data work rather than method. It starts from the territory and from the 2024 census,
which splits the households of the region into the three populations used throughout the thesis. It
then defines the five scenarios that Chapter 5 costs, groups the 21 municipalities into five clusters,
and adapts the RAMP inputs to the climate and the economy of the Amazon. The two demand
definitions are built next, the normative sufficiency bundle and the demand measured today. The next
two sections configure EnergyScope cluster by cluster and apply the spatial layer that classifies the
697 communities of the region as connectable or dispersed. The last one builds the inputs of the two
future horizons.

4.1 Regional context and study area
The BNA is a tropical lowland region of 21 municipalities, spread over the department of Pando, the
north of Beni and the municipality of Ixiamas. It holds 317,517 inhabitants and 84,209 households.
Cobija, Riberalta and Guayaramerín concentrate most of that population, and the rest of it lives in
communities of a few dozen households each. The regional economy rests on the Brazil nut, on rice,
on timber and on cross-border trade with Brazil and Peru. The Brazil nut is the dominant activity of
Pando, and it is transformed in industrial plants in Riberalta and Cobija rather than in the communities
that harvest it.

Distance is the constant of the region. Roads are few and heavy rainfall makes many of them impass-
able between November and April [2], so part of the territory is reached by river or by air for several
months of the year. Everything the energy system consumes arrives the same way, diesel included,
and the delivered cost of that diesel is well above the subsidised price at the pump. Cooking is done
with firewood and bottled gas, and it is the largest household energy use of the region.

Electricity follows the same geography. The systems that exist are isolated diesel microgrids, and
the public service covers 95.9 % of the households of Cobija against 0.3 % of those of San Pedro.
A quarter of the households of the region are supplied by their own solar panel or generator, or by
nothing at all, and no measurement records what those households consume. This is the situation the
rest of this chapter describes quantitatively.

The national interconnected grid (SIN) does not reach most of the study area. An extension towards
Pando has been formally planned since 2012: the Plan Óptimo de Expansión del SIN (CNDC) and the
Plan Eléctrico 2025 (VMEEA) include a 1,025 km, 230 kV transmission line from Trinidad to Cobija
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via Guayaramerín, Riberalta and Puerto Rico [35]. However, more than twelve years later, the project
remains in pre-investment phase: no financial agreement has been secured and no construction has
started.

In July 2024, Bolivia and Brazil signed a Memorandum of Understanding on electricity cooperation
covering Guayaramerín, Riberalta and Cobija [36]. It is a framework for cooperation, with no volume,
no price, no date and no duration, and it is not a power purchase agreement. A government press
release announced an estimated saving of 69 million USD per year and 133,000 tonnes of CO2 avoided
annually, but those two figures come from the release rather than from the text of the agreement.

The supply is usually described as coming from the Brazilian hydropower plants of Santo Antonio and
Jirau. Nothing reserves it. The loan proposal that would finance the interconnection states that ENDE
Brasil would buy on the Brazilian free contracting market, and that public and private companies
trading there could supply the energy destined for Bolivian demand [37]. Buying on an open market
is not the same as buying from a named plant, so which plants would actually serve the region is
undecided. Section 5.9 returns to the point, because the emissions benefit of the import depends
entirely on that origin.

The agreement signals political will to find an alternative to extending the national grid, but the lines
it would need have not been built. It foresees a first phase of medium-voltage connection and a second
phase of high-voltage interconnection, both to be executed by ENDE. Until these are operational, the
three municipalities remain isolated diesel systems.

The study area was defined from the electrical structure of the territory. It gathers the northern munic-
ipalities where the main interconnected grid is absent, or only marginally present near the boundary,
and where access to electricity stays limited over large parts of the territory. Figure 3 shows the
northern network physically separated from the central grid, with several independent microgrids in-
side it. The area therefore includes the whole department of Pando together with Ixiamas, Riberalta,
Guayaramerín, Reyes, Santa Rosa and Exaltación. These municipalities also belong to the northern
Amazonian lowlands and share the same geographic conditions, the same low accessibility and the
same logistical constraints on electrification.

Figure 3: Delimitation of the BNA study area.
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4.2 Census 2024 baseline
The demographic baseline comes from the official Censo de Población y Vivienda 2024 of Bolivia [1].
The published tables were consolidated into one dataset covering the 21 municipalities of the study
area, for the census years 2001, 2012 and 2024. It carries the source of electricity of the dwellings,
the cooking fuel, the ownership of the appliances that drive the demand, vehicle ownership and access
to information technology. It also carries the number of persons by electricity source, which gives the
count of non-electrified people directly rather than through an average household size.

The differences between municipalities inside the region are very large. Figure 4 gives the three
populations of every municipality as a share of its households. Public grid coverage runs from 95.9
% in Cobija to 0.3 % in San Pedro, and the same spread appears on the equipment: 73 % of the
households of Cobija own a refrigerator against none in San Pedro. The figure also shows that the
households supplied by their own panel or generator are not distributed like those with no supply at
all, which is why the two are kept apart throughout this thesis.

Figure 4: Households by source of electricity in each of the 21 municipalities, as a share of the
households of that municipality, from the Census 2024. Municipalities are ordered by public grid

coverage. The total number of households is given on the right of each bar.

This heterogeneity is one of the main reasons for working at the municipality level rather than treating
the whole region as a single block, as was done for the Lowlands in the national model [3].

The Census 2024 [1] reports the electricity source for each occupied private dwelling (vivienda par-
ticular ocupada). Collective buildings (hotels, hospitals) and dwellings that are unoccupied, for sale,
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under repair or abandoned are excluded, since they do not generate residential energy demand. Table
3 shows the breakdown for the 21 municipalities.

Table 3: Households by electricity source in the BNA study area (Census 2024).

Electricity source Households

Public grid 63,495

Own generator 3,766

Solar panel 4,307

Other 1,252

No access 11,389

Total 84,209

Three quarters of the households of the region are supplied by the public service, and the remaining
quarter splits between an own panel or generator and no supply at all, as Figure 35 in Appendix E
shows.

The total population across the 21 municipalities is 317,517 persons. The sufficiency demand cov-
ers all 84,209 households. The current demand treats them differently depending on how they are
supplied today.

4.2.1 The three populations of the region

The electricity source reported by the census splits the households into three groups.

Source A, Grid-connected consumers (63,495 residential + commercial, industrial and public
lighting).
All consumers connected to the public electricity service, including both the national intercon-
nected grid and isolated microgrids. Their demand is estimated from measured utility data.

Source B, Off-grid electrified consumers (9,325 HH).
Consumers with electricity from a private source: solar panels (4,307), own generators (3,766) or
other (1,252). Their demand is modelled with RAMP using reduced appliance bundles that reflect
the limited capacity of autonomous systems.

Source C, Non-electrified households (11,389 HH).
Households without any electricity access. Their demand is zero by definition in the current de-
mand.

Source A is the only group for which measured data exists. Sources B and C together represent 20,714
households, close to a quarter of the region, and they are the population this thesis is about.

4.2.2 Infrastructure allocation rules

The number of infrastructures modelled in each municipality follows allocation rules taken from the
Lowlands column of [3], applied to the population and the household count of the Census 2024.

Schools and health centres are allocated at one per 5,000 inhabitants, with a minimum of one per
municipality. Every other category follows the household count, also with a minimum of one. Table
37 in Appendix B gives the rules and the resulting totals.



4 CASE STUDY: THE BOLIVIAN NORTHERN AMAZON 25

The model only includes large schools and health centres, and this follows directly from the allocation
rule. At one facility per 5,000 inhabitants, each one serves a large population, so it is configured with
a full set of electrical equipment, including a cold chain for the health centres, rather than as a village
school with a few light bulbs. Modelling smaller and more dispersed facilities requires sub-municipal
data on community locations and populations that does not exist for the region.

4.3 Scenario definitions
Five scenarios are built for the year 2025, and Section 4.10.5 builds four more at the horizons 2035
and 2050. The two families carry different names, so a scenario is never ambiguous, and the horizon
is written wherever the two could be read against each other. The five scenarios below differ along
two axes. The first is the demand: how much electricity each part of the population is assumed to
need. The second is the supply: whether the model is allowed to build new generation or only to run
what already exists. Table 4 summarises the combinations.

Table 4: The five 2025 scenarios. Source A is the 63,495 grid-connected households, Sources B and
C the 9,325 off-grid and 11,389 non-electrified ones.

Scenario Demand, Source A Demand, Sources B
and C

Supply

Current system measured as measured today existing plants only

Supply transition measured as measured today free investment

Universal access measured sufficiency bundle free investment,
Source A supply
frozen

Access transition measured sufficiency bundle free investment

Universal sufficiency sufficiency bundle sufficiency bundle free investment

The current system scenario reproduces the system as it works today. The demand of the grid-
connected households comes from measured utility sales, the demand of the off-grid households is
modelled with reduced appliance bundles, and the households without any supply have no electrical
demand at all. On the supply side nothing can be built: the optimiser dispatches the diesel plants and
the few solar installations that exist, and pays for their fuel and their maintenance. The result is a
costed picture of the present situation, and it is the reference against which the other four are read.

In the supply transition scenario the demand is exactly the same as in the current system, and the
model is allowed to invest in utility solar and in battery storage. Nothing else changes: the existing
plants stay, the exchange topology stays, and no household changes its consumption. This isolates
one question. How much of the current cost is caused by the way electricity is produced rather than
by how much of it is consumed.

The universal access scenario asks the question a planner actually faces. What does it cost, today,
to bring a decent level of service to the 20,714 households that are badly served or not served at all,
without changing anything for those who already have electricity. The demand of the grid-connected
households stays at its measured level, and the off-grid and non-electrified households move to the
sufficiency bundle described below. Cooking is unchanged, since it does not depend on being con-
nected.
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Holding the existing system in place is what makes the comparison meaningful. If the model were
free to re-optimise the supply of the grid-connected households at the same time, the difference in
cost against the current system would mix the cost of the new access with the savings from rebuilding
what is already there, and neither could be read separately. The production of the existing plants is
therefore fixed to what they deliver in the current system, using the mechanism described in Section
3.4. The difference in cost then measures the access alone.

The access transition scenario has the demand of universal access and the supply rules of the sup-
ply transition. The 20,714 households of Sources B and C receive the sufficiency bundle, the grid-
connected households keep their measured demand, and the model is free to invest anywhere. Nothing
is frozen.

This scenario is an analytical intermediate rather than a proposal. Universal access and the supply
transition each answer one question by holding the other axis still, so neither of them can say what
access costs once the supply has already been rebuilt. That price turns out to be different, and the
difference is a result in its own right. This scenario is also what allows the distance between the
current system and universal sufficiency to be split into three steps that add up exactly, which is done
in Section 5.8.

In universal sufficiency, all 84,209 households of the region receive the same normative bundle of
energy services, whatever their current situation [14]. This includes the households of Cobija that
are already connected and may consume more than the bundle today. The scenario is not a forecast
of what people will consume. It describes what the energy system would have to supply if every
household in the region were brought to a minimum acceptable level of service, and it is the most
demanding of the five in terms of the population it covers.

Three of these scenarios change the demand of households that currently have none, so their cost is
not complete until the lines needed to reach those households are paid for. For every scenario the cost
is therefore reported in two scopes: the generation cost, which is what the optimisation returns, and
the total cost including grid extension, which adds the network built by the spatial layer of Section
4.9. The two are never mixed in the same figure.

The five scenarios above are snapshots of 2025. They measure the gap between the present situation
and universal access, but they say nothing about how the region gets there. Section 4.10 carries the
region to 2035 and 2050 to look at the trajectory itself.

4.4 Clustering into EnergyScope cells
RAMP produces a demand profile for each of the 21 municipalities. However, running EnergyScope
MultiCell with 21 separate cells is expensive and not necessarily meaningful, since many municipal-
ities share the same characteristics. The municipalities are therefore grouped into a smaller number
of clusters, and each cluster becomes one cell with its own demand profile, renewable resource avail-
ability and technology options. The method follows the approach developed for the national Bolivian
energy system model [7], adapted to the BNA.

4.4.1 Clustering variables

The clustering uses a set of socio-economic, geographic and energy-related variables. Table 35 in
Appendix A lists them with their sources.

Four municipalities have physical access to the national interconnected grid (SIN): Ixiamas, Reyes,
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Santa Rosa Beni and Exaltacion. Four municipalities have gas distribution infrastructure: Cobija,
Riberalta, Guayaramerín and San Lorenzo. All other municipalities operate on isolated microgrids
or off-grid systems, and none has access to gas. These binary variables were verified against the
geoportal grid map [38] and the ANH pipeline infrastructure map [39].

The electricity demand variable is the measured per-capita consumption from utility data [5]. It is
zero for Bolpebra, Ingavi, Santos Mercado, Exaltacion and Santa Rosa Pando, for the reason given in
Section 2.1: private panels and generators are not metered. This does not affect the RAMP sufficiency
demand, which is computed independently.

4.4.2 Weight calibration

The clustering uses K-Medoids with a hybrid distance combining weighted feature similarity and
geographic proximity [40]:

di j = (1−α) ·dfeatures(i, j)+α ·dgeographic(i, j) (18)

where dfeatures is a weighted Euclidean distance on standardised variables and dgeographic is the Haver-
sine distance between municipality centroids.

Rather than fixing the weights manually, they were determined through a collective assessment. A
questionnaire was distributed to seven people familiar with energy planning or the Bolivian context.
Each participant was asked to distribute 100 points across the 12 variables (11 features plus geo-
graphic distance) according to the importance they attributed to each one for grouping municipalities
that should share energy infrastructure. The final weights were computed as the arithmetic mean of
the seven responses, normalised so that the total sums to 1.0. Appendix A gives the seven individual
responses and Figure 29 the resulting weights.

The two infrastructure access variables carry the highest combined weight, 0.306, which reflects a
consensus that grid connectivity decides most of what two municipalities can share. Geographic
distance comes next at 0.126, enough to matter without dominating the feature-based signal, followed
by population density at 0.123 and GDP per capita at 0.094. The renewable resource and climate
variables receive the lowest weights, consistent with the homogeneous tropical lowland setting of the
study area.

4.4.3 Number of clusters

The number of clusters was evaluated with the Elbow method, the Silhouette score and the Gap
statistic, each computed over 100 iterations per value of k for stability, and Appendix A shows the
three curves. The three metrics agree on k∗ = 5, which was adopted. The Silhouette score at that
value is 0.151 and the Gap statistic is 0.536. A modest Silhouette score is expected for 21 points
with several variables of low variance, and the resulting clusters are geographically coherent, which
is the primary requirement for energy infrastructure planning. Running the 21 municipalities as 21
cells is possible and would resolve the exchanges and the lines where they physically exist, but each
cell needs its own calibrated files and the exchange matrix grows from 10 pairs to 210, so the cost is
calibration rather than computation. No other grouping was run. The three largest effects of Chapter
5 come from the diesel plants of C3 and C5 and from the demand definition, and neither depends on
how the other municipalities are grouped.
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4.4.4 Clustering results

Table 5 lists the 5 clusters and Figure 5 shows their geographic distribution.

Table 5: Clustering results: 5 clusters for the BNA.

Cl. Municipalities N Description

C1 Exaltacion, Reyes, Santa Rosa
Beni, Ixiamas

4 SIN-connected southern municipalities. Rural,
low density.

C2 Bolpebra 1 GDP outlier (5,329 USD/person) from cross-
border trade. Isolated, no grid, no gas.

C3 Guayaramerín, Riberalta, P.
Gonzalo Moreno

3 Northeast urban corridor. Two cities with gas dis-
tribution. Highest population density after Co-
bija.

C4 Bella Flor, Filadelfia, Ingavi,
Nueva Esperanza, Porvenir,
Puerto Rico, San Lorenzo,
San Pedro, Santa Rosa Pando,
Santos Mercado, Sena, Villa
Nueva

12 Rural Pando interior. No grid, no gas. Dispersed
population. Represents the bulk of unelectrified
demand.

C5 Cobija 1 Departmental capital. Highest density (120
inhab/km2). Existing microgrid and gas distri-
bution.
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Figure 5: Geographic distribution of the 5 clusters across the BNA study area.

Two municipalities form singletons. Bolpebra (C2) has an unusually high GDP driven by cross-border
trade at the triple frontier with Brazil and Peru, and Cobija (C5) is the only dense urban centre of the
region, with a mature microgrid and gas distribution. The three other clusters separate the study area
along its structural axes: grid access in C1, urban gas infrastructure in C3, and rural Pando with
neither in C4. All non-singleton clusters are geographically contiguous, so every EnergyScope cell
corresponds to an area where shared infrastructure is physically feasible.

4.5 RAMP input adaptations
The lowlands inputs from the RAMP Bolivia repository [41] were built for a macro-regional scale
and do not reflect the conditions of the BNA. Three modifications were made, and they apply to both
demand definitions.
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4.5.1 Thermal comfort: fans calibrated by temperature data

The original lowlands inputs give every fan a fixed daily usage time of 540 minutes, identical across
municipalities and seasons, and include no fan at all in winter. This does not describe the BNA. Winter
here stays warm enough to justify fan use, and temperature varies widely between municipalities.

Hourly temperature data for 2019 was downloaded from Renewables Ninja [42] for each of the 21
municipalities. For every municipality m and season s, the daily average number of hours above 26°C
is h̄(m,s). Jay et al. [43] recommend fan activation from approximately that temperature in hot and
humid climates. The daily fan usage time, in minutes, is then

tfan(m,s) = max
(

60, min
(

600, 30 · round
(

60h̄(m,s)
30

)))
(19)

which is the number of hot hours converted to minutes, rounded to the nearest half hour and bounded.
The upper bound of 600 minutes is 10 hours, less than the 13 hours that the 8h–21h window spans,
because even on the hottest days part of that window sits below 26°C. That bound binds in 45 of the
84 municipality and season pairs, so above 10 hot hours a day the calibration no longer separates one
municipality from another. The lower bound never binds, since the smallest value produced is 210
minutes.

The usage window was also widened, from 9h–20h in the original inputs to 8h–21h. Average tem-
peratures at 8h and 22h are nearly identical across the study area, 24.9 and 24.8°C, so extending the
window symmetrically around the hottest hours is justified. Household members are also awake until
at least 21h, according to the lighting windows already in the model.

The temperature series behind that calibration carries a spatial pattern more than a seasonal one.
Winter, from June to August, is slightly warmer than summer in most municipalities. This is normal in
a tropical climate, where winter is the dry season and carries less cloud cover. The more useful pattern
is spatial. The variation between municipalities within one season reaches 6.5°C in winter, while the
seasonal variation inside one municipality stays between 3 and 5°C. Calibrating per municipality
therefore matters more than differentiating by season. Ixiamas ends up with a winter func_time of
210 minutes against 600 minutes for Santos Mercado, as Figure 6 shows.
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Figure 6: Daily fan usage time (minutes) by municipality and season, calibrated from Renewables
Ninja temperature data. The threshold for fan activation is 26°C.

The same calibration was applied to schools and health centres, which carried fixed fan usage times
and no cooling in winter. Both now read func_time from the same lookup table as households, so
the differentiation is consistent across sectors. School windows were adjusted to the two shifts of
Bolivian schools in the Amazon, 7h–13h and 14h–18h [44], instead of the single 9h–16h window of
the original inputs. Health centres keep the 8h–21h household window, since they operate throughout
the day. They also carry two air conditioning units of 1 kW each, used one third of the fan lookup
value. This reflects selective use in a rural health post, in the consultation room during visits and for
medicine storage during peak heat, rather than continuous operation. The resulting 70 to 200 minutes
per day is consistent with the fixed 120 minutes of the original inputs, with spatial and seasonal
variation added.
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4.5.2 Flour processing replaced by rice processing

The flour processing activity of the original lowlands inputs uses four machines, a grain dryer, a grain
miller, a grain toaster and a pump, for approximately 26 kW of installed power. This activity belongs
to the highlands and the valleys rather than to the productive reality of the BNA. It was replaced by a
rice processing unit.

Rice is the main locally transformable cereal in the region. The dominant economic activity in Pando
is castaña, the Brazil nut, but its transformation takes place in large industrial beneficiadoras in Rib-
eralta and Cobija rather than at community level. Whether small-scale community processing could
develop remains an open question.

The rice processing unit uses five machines, specified from Kapur et al. [45] and from manufacturer
data, and Table 39 in Appendix B gives their ratings.

Total daily consumption is approximately 43.7 kWh, or about 22 kWh per tonne for a unit processing
2 tonnes per day. The literature reports 20 to 30 kWh per tonne for small-scale rice milling [45].

Rice is harvested from November to February and processed from December to March [46]. The
model therefore runs rice processing at full capacity on weekdays in summer, at reduced activity in
fall with operation roughly one day out of three, and not at all in winter or spring. This seasonal pattern
lowers the contribution of income generating activities compared with the original flour processing,
which ran all year at much higher power.

4.5.3 Radio power correction

The original inputs set radio power at 36 W, a value that probably dates from older models where
radios carried integrated speaker systems. Off-grid radios sold in rural markets today are multi-
function solar devices combining a radio, an LED lamp, a USB charger and sometimes Bluetooth.
Product specifications from manufacturers active in off-grid markets [47, 48] put the audio function
alone at 1 to 5 W, and 3 W is a reasonable upper estimate for a family radio with a built-in speaker.
The lamp and charger functions are already modelled separately in RAMP, in the illumination and
ICT inputs, so only the audio function needs to be counted here.

Radio power was therefore corrected to 3 W in the household, store and workshop inputs, and to 5 W
for health centres, where a waiting room justifies a slightly more powerful unit. School inputs already
used 4 W and were left unchanged.

4.6 Sufficiency demand
The sufficiency demand represents a normative energy access target rather than a projection of ob-
served consumption. All 84,209 households in the study area are modelled with the same minimum-
service appliance basket defined by RAMP, regardless of their current electrification status. This
means that households already connected to the public grid are also included: some may currently
consume above the sufficiency level (with inefficient appliances or higher usage), while others may
consume below it. It does not attempt to reproduce actual consumption patterns; instead, it defines the
demand that the energy system would need to supply if every household were to receive a minimum
acceptable level of electricity services [14].

Table 38 in Appendix B summarises the household-level appliance inputs. These are inherited from
the lowlands configuration of [3], with the adaptations described in Section 4.5 (thermal comfort,
rice processing, radio power). All municipalities share the same appliance definitions, apart from the
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fan usage time and the water heating of health centres, so a semi-urban municipality such as Cobija
carries the usage patterns of a very rural one such as Ingavi. The refrigerator matters most here. It
is described with three duty cycles in the warm seasons and two in winter, the same everywhere,
although the temperature data needed to differentiate it is available, and those refrigerators draw 83
GWh in universal sufficiency, two thirds of everything delivered to an end use in that scenario. Its duty
cycle is the assumption to which the size of the whole system is most sensitive, and a measurement
campaign on a few dozen households is worth more to a follow-up study than any refinement of the
optimisation.

Water heating is included in the sufficiency demand because it is part of the normative definition of
minimum decent living conditions: access to warm water for basic hygiene. The water heating model
calculates the power required to heat water from groundwater temperature to 40°C [8]. In the BNA,
where the annual mean temperature is approximately 27°C, the resulting demand is moderate but still
produces visible peaks in the morning (6h–9h) and evening (18h–20h) profiles (Figure 7).

However, Census 2024 reports that only 2.4 % of households in the region own a water heater, and
3.4 % in Cobija, even among those with electricity. This has to be read with care. Question 18.8
asks whether the household owns a calefón or a termotanque [49], a gas heater and a storage tank.
No other item of that question covers water heating, so the instantaneous electric shower head, a
device of about 4 kW that is widely sold across Bolivia and Brazil, leaves no trace anywhere in the
questionnaire. The low figure therefore measures the ownership of two classes of equipment rather
than the absence of water heating, and the share of households that heat water by some means is likely
higher. What the figure does support is that few households own a dedicated water heating appliance,
which is the basis for removing water heating from the current demand (Section 4.7).

For health centres, water heating is included in both demand definitions, since it serves a medical
function (sterilisation, instrument cleaning). The groundwater temperature formula was corrected to
use the annual mean air temperature plus a small attenuated oscillation (amplitude 1°C, phase lag 30
days), consistent with the thermal inertia of shallow tropical aquifers [50, 51].

Figure 7 shows the demand of Santos Mercado over a summer day, broken down by service. Cold
storage runs as a constant baseload through the day and the night. Water heating produces two sharp
peaks, in the morning between 6h and 9h and in the evening between 18h and 20h, and it is what sets
the peak of the whole profile. Fans add a broad layer during daylight hours, rice processing appears
during working hours, and ICT peaks in the evening. These peaks exist in the RAMP output only.
Section 3.3.4 explains that the heat layer of EnergyScope carries the hot water demand as a flat profile,
so they do not size the supply in any scenario. Section 5.7 quantifies what the choice of water heating
technology is worth in energy and in cost.
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Figure 7: Composition of electricity demand over 24 hours for Santos Mercado, sufficiency demand,
summer day, all households. Water heating dominates the morning and evening peaks.

4.7 Current demand
The current demand aims to represent current electricity demand as closely as possible. The suffi-
ciency demand applies one normative service target to every household. This one does the opposite: it
estimates each of the three populations of Section 4.2.1 separately, because the data available for each
is different. Source A is estimated from measured utility sales. Source B is modelled with RAMP,
using reduced appliance bundles that reflect the limited capacity of an autonomous system. Source C
has no electrical demand by definition. The three subsections below describe each method.

4.7.1 Source A: grid-connected demand from utility data

The demand of the connected consumers comes from the Anuario Estadístico de Electricidad 2024 of
the AETN [52]. It reports electricity sales in MWh by tariff category, residential, general, industrial,
mining, public lighting and other, for each isolated system. It gives no breakdown by end use. The
measured total is therefore used as a calibration constraint, and the split by end use is built separately.

The regional total, about 180.1 GWh, is spread over the 21 municipalities in three ways, depending
on what the yearbook publishes. Eight municipalities are read directly. Six others are served by
the ENDE Cobija system, which the yearbook reports as one block of 70,571 MWh, and they are
separated with a per household consumption borrowed from a comparable municipality, then scaled
back so that the six sum to the measured block. Six municipalities are absent from the yearbook
and receive the same borrowed rate, applied to their connected households from the census. The
perimeter of two municipalities was adjusted. Guayaramerín includes its sub-systems of Cachuela
Esperanza and Rosario del Yata, and excludes Puerto Ustárez, which lies outside the municipality.
Three municipalities with an incomplete series are extrapolated on their own trend.

The residential total of each municipality is then split by end use, from the bottom up. The ownership
rate of each appliance comes from the Census 2024, counted as Tiene over Tiene plus No tiene,
with non-responses left out of the denominator. That rate, multiplied by the number of connected
households and by an annual unit consumption, gives a first estimate, which is then scaled uniformly
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to the AETN residential total. The measured total therefore decides the level, and the census decides
how that level differs from one municipality to the next.

The unit consumptions come from two sets of sources. The refrigerator at 458 kWh/yr, the air condi-
tioner at 451 kWh/yr and the electric water heater at 824 kWh/yr, with an electric fraction of 97.5 %,
come from the MHE-GIZ characterisation study [53] and from Fundación Bariloche [54]. The tele-
vision, the radio, the phone chargers, the laptop, the blender, the washing machine, the antenna and
the lighting come from the RAMP parameters calibrated for the Bolivian Amazon, with residential
lighting cross-checked against the UNEP LED project [55]. The fan combines its RAMP power rat-
ing with the thermal model of Section 4.5.1. The microwave, at about 50 kWh/yr, follows a Brazilian
ownership survey [56].

Each appliance is then mapped onto an EnergyScope end use. The refrigerator goes to
FOOD_PRESERVATION, the air conditioner and the fan to SPACE_COOLING, the electric
water heater to HEAT_LOW_T_HW, interior lighting to LIGHTING_R_C, and everything else to
ELECTRICITY.

The two other tariffs are treated with less detail, because no Bolivian end-use balance exists. The
general tariff, which covers commerce and services, is split with the proportions of the 2016 Peruvian
useful energy balance [57]. The industrial tariff goes entirely to mechanical energy, since the industry
of the region is the small-scale processing of Brazil nut, rice and timber and no heavy industry operates
there. Public lighting goes entirely to LIGHTING_P.

All these values are final energy, as the AETN measures it. The conversion to useful energy happens
later, when the demand file is written, through the conversion coefficients of EnergyScope.

4.7.2 Source B: off-grid households modelled with RAMP

The 9,325 households that own a panel, a generator or another private source are modelled with
RAMP, on the same framework as the sufficiency bundle but with a shorter appliance list. The sub-
mix is 4,307 solar, 3,766 generator and 1,252 other.

The census gives appliance ownership per municipality, but as an average over all households, what-
ever their electricity source. Nothing in it says whether a refrigerator belongs to a connected house-
hold or to an off-grid one. The municipal rate is therefore applied to Source B as a first approximation,
through the RAMP occasional_use parameter.

That approximation credits off-grid households with appliances their supply cannot run. A retention
factor corrects it, appliance by appliance, from the power the supply technology can actually deliver.
The factors are anchored on the Multi-Tier Framework [6], which grades access by available power
and lists what each tier supports. A solar home system is Tier 2, above 50 W. It runs lighting, phone
charging, television and a fan, but not a refrigerator, which draws power continuously and starts on
a peak the system cannot follow. A generator is Tier 3, above 200 W, and runs the same appliances
plus partial refrigeration. The other category is split evenly between the two tiers, which gives a mix
of 53 % Tier 2 and 47 % Tier 3. The retention factor of an appliance is its weighted average over that
mix, and the value written into RAMP is

occasional_use= census ownership rate× retention factor

Table 6 gives the factors.
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Table 6: Appliance assumptions for off-grid households (Source B).

Appliance RAMP service Ownership Note

Interior lighting (4×7 W) illumination 1.0 Universal

Exterior lighting (2×14 W) illumination 1.0 Universal

Radio (1×3 W) ICT census Low power, no reduction

Phone charger (4×5 W) ICT census No reduction

TV (1×30 W) ICT census × 1.00 MTF Tier 2 appliance

Laptop (1×70 W) ICT census × 0.65 Tier 2/3 boundary

Refrigerator (200 W) cold storage census × 0.28 0 in solar, 0.6 in generator

Fan (1×30 W) thermal comfort census TV × 1.00 No fan data; TV as proxy

The refrigerator carries the whole effect. A generator household can run one, but not around the clock,
so its Tier 3 factor is 0.6 and its weighted factor is 0.28. About 13 % of Source B households therefore
operate a refrigerator in the simulation, against a municipal ownership rate near 48 %. Television and
fan are Tier 2 appliances and stay at the full census rate.

The census does not record fan ownership, so the television rate is used as a proxy, as elsewhere in
this work. Fans are probably more common than televisions in this climate, since they draw little
power and answer a direct need, so the proxy understates fan use.

Water heating, air conditioning, microwave and washing machine are excluded. Water heater own-
ership is 2.4 % across the region. The three others either draw too much instantaneous power for an
autonomous system or are rare off grid.

The infrastructure of Source B follows three rules of its own. Schools come from the RUE database of
the Ministry of Education [58], restricted to active regular units and prorated where one district covers
several municipalities. The off-grid count of a municipality is the school total multiplied by its off-
grid household share, and those schools are entered as small schools, with lighting and basic ICT only.
Health centres and public lighting are set to zero, since a health centre needs a reliable supply and
public lighting is communal infrastructure already counted in Source A. Income generating activities
keep the per household ratios of the sufficiency bundle, applied to the Source B household count.

RAMP produces the electrical profile alone. The diesel that a motor propio household burns to pro-
duce that electricity is accounted for on the EnergyScope side.

4.7.3 Source C: non-electrified households

The 11,389 households without any electricity access have zero electrical demand in the current de-
mand.

Their cooking energy needs are accounted for separately in EnergyScope using the Census 2024 cook-
ing fuel data, which provides the number of households by fuel type (wood, bottled gas, piped gas,
electricity, other) for each municipality [1]. Households reporting electric cooking are excluded from
this count since they contradict the “no electricity” classification. The cooking demand construction
is described in Section 4.8.3.
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4.8 EnergyScope configuration

4.8.1 Cluster-independent parameters

Table 7 lists the main parameters that apply identically across all clusters, and Table 43 in Appendix
C the ones that differ between them.

Table 7: Cluster-independent model parameters.

Parameter Value Source / justification

Discount rate (i_rate) 10% Article 48 of the Bolivian Electricity Law
(Ley N° 1604, 1994) [59]; consistent with
IRENA’s rate for non-OECD countries
[60] and World Bank practice for Bolivian
rural electrification [61]

Network losses 15.96% AETN 2024 [52]: ratio of gross produc-
tion to sales for isolated systems in the
BNA

GWP limit 1×1015 Unconstrained (snapshot scenario, no CO2
target)

PV power density 0.2367 MW/km2 National Bolivian value [30]

Resource prices come unchanged from the national model [30]. They are border prices and not
subsidised end-user prices, the convention of the national model [30, 22]. Section 4.8.2 says how the
fuels reach each cluster. The subsidised diesel price at the Bolivian pump, about 0.054 Me/GWh in
2025, is roughly half the border price used here, but hauling diesel to remote Amazonian communities
partly closes that gap.

Three prices were recalibrated. The SIN electricity price is 0.0593 Me/GWh, from the CNDC whole-
sale price [62], since the national default of 5.064 Me/GWh was an uncalibrated European place-
holder. The diesel border price of 0.1113 Me/GWh is kept. The LPG price is 0.0253 Me/GWh,
from the YPFB subsidised garrafa price of 22.50 Bs per 10 kg converted at 6.96 Bs/USD. The con-
version coefficients and the storage characteristics are unchanged, since every technology the BNA
needs is already in the national database.

4.8.2 Inter-cluster exchanges

Distances between cluster centroids come from the Haversine formula, consistent with the national
model [30, 22], and Appendix C gives the matrix. The shortest distance is 15.4 km, between Bolpebra
and Cobija at the western edge of Pando, and the longest involve C1, which sits over 300 km from
every other cluster.

Only cluster pairs that share a municipal boundary may exchange electricity, which leaves six pairs
open at tc_max = 0.040 GW and four closed. Three existing microgrid connections carry a forced
minimum capacity, derived from Source A consumption with a load factor of 0.25: Cobija to Bolpebra
at 0.111 MW, Riberalta to Villa Nueva at 0.247 MW, and Cobija to its five Pando satellites at 7.211
MW. The HVAC line costs 2 Me per GW and per km, with maintenance at 4 % [22, 3]. Existing lines
carry no investment cost, so only a new connection pays it.
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All pipeline capacities are zero. Fuels enter as external resources delivered at their market price in
each cluster rather than as inter-cluster freight, since YPFB distributes LPG and diesel through its
own logistics network and the delivered price already includes transport.

4.8.3 Demand file

The demand file gives the annual end-use demand of each cluster, by sector and end-use category. It
is built in two parts, the electricity-related demand from RAMP and the cooking demand from census
data.

The minute-resolution profiles that RAMP produces are integrated over the year, converted to GWh,
and mapped to the sector and end-use categories of EnergyScope [29], as Table 40 gives. The munic-
ipalities of a cluster are summed before the file is written.

Schools and health centres fall under SERVICES rather than HOUSEHOLDS, following standard
economic sector definitions. Rice processing falls under INDUSTRY, as post-harvest transformation,
and workshop machinery, a welding station of 5.5 kW and a grinder of 750 W, counts as commercial
mechanical energy.

Cooking is the main household energy use in the BNA, and RAMP does not model it, since it is
predominantly non-electrical. It enters the demand file as a fuel-independent useful energy demand
of 1,344 kWh per household and per year, taken from the national model [30], and it applies to every
household that cooks whatever the fuel. The Census 2024 [1] gives 82,501 cooking households across
the five clusters, all fuel categories except No cocina. At 1,344 kWh each this is 110.88 GWh, and
the restaurant kitchens modelled by RAMP bring the COOKING total to 111.00 GWh.

A useful energy demand rather than a fuel-specific final energy value avoids an important pitfall. Field
measurements in the Oriente and the Yungas report 66.7 to 68.6 MJ per household and per day of final
energy [63], but these zonal averages are dominated by firewood, whose stove efficiency is only 16
%. Applying such an intensity to LPG households overestimates their cooking demand by a factor
of roughly four, since LPG stoves reach 64 %. EnergyScope takes the useful demand as input and
converts it to final energy through stove-specific efficiencies, which handles the difference correctly.
The dispatch that follows does not reproduce the fuel mix the census reports. A minimum capacity
forces the wood stoves to be built but not to run, and nearly all cooking is served with LPG, which
costs about three times less per unit of useful heat once the 16 percent efficiency of a wood stove is
counted. The wood that a household gathers costs it nothing, and a cost optimisation cannot see that.
The LPG volumes of Chapter 5 therefore describe a cost optimum and not the observed practice. The
effect on the comparisons is small, since every scenario treats cooking the same way and cooking sits
outside the electric scope.

The minimum installed stove capacity per cluster, for STOVE_WOOD and STOVE_LPG, follows from the
census fuel counts and the useful demand:

fmin =
GWhuseful

(cp ×8760)
with cp = 0.1875

Space heating is zero, since a tropical Amazonian climate needs none. Passenger and freight mobility
are zero as well, for lack of data at the municipal scale, and all mobility and freight technologies are
excluded. Table 8 gives the resulting demand per cluster, which is what the optimisation reads.

Cooking and hot water together are 74 percent of the useful energy of the sufficiency bundle, and
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Table 8: Annual useful energy demand by cluster and end use, for the sufficiency demand, in
GWh/yr.

End use C1 C2 C3 C4 C5 Total

COOKING 14.41 1.07 53.22 22.02 20.28 111.00

HEAT_LOW_T_HW 9.30 0.68 34.30 14.14 13.25 71.67

FOOD_PRESERVATION 3.84 0.28 14.16 5.83 5.47 29.59

SPACE_COOLING 2.23 0.19 10.05 3.99 3.52 19.98

ELECTRICITY 0.80 0.06 2.95 1.22 1.13 6.16

MECH. ENERGY_COMM 0.44 0.03 1.65 0.67 0.64 3.44

LIGHTING_R_C 0.22 0.02 0.82 0.33 0.32 1.70

MECH. ENERGY_IND 0.18 0.01 0.67 0.26 0.26 1.38

LIGHTING_P 0.03 0.00 0.10 0.04 0.04 0.22

Total 31.45 2.34 117.93 48.50 44.91 245.13

neither has to be electric. In the demand measured today, hot water is almost absent and cooking
keeps its 111 GWh. Cooking alone is 111 GWh, more than all the other end uses put together. The
choice of stove and of water heating technology therefore weighs as much as the choice of power
plant, which is why every cost of Chapter 5 is split between an electric scope and a non-electric one.

Of the 62 GWh that remain, food preservation and space cooling take four fifths. A household of this
region mostly needs to keep things cold, in a climate where nothing needs heating, and refrigeration
runs through the night, so it is what sizes the storage rather than any evening peak in lighting or
television.

Figure 8 puts the two demand definitions side by side, and they differ in shape and not only in level.
Water heating is 29 % of the sufficiency bundle and almost nothing in the demand measured today,
since few households own a water heater. Space cooling does the opposite, 8 % against 28, since
the measured demand carries the air conditioning that the connected households own and the bundle
does not. Cooking is nearly the same quantity in both, because every household cooks whatever its
electricity supply is.
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Figure 8: Annual useful energy demand by end use, for the two demand definitions. The area of each
ring is proportional to its total. End uses below 3 % of both totals are gathered in Other.

C3 alone carries 48 % of the regional demand, and C3 with C4 and C5 carry 86 %. C2 is a rounding
error at this scale, and the costs of Chapter 5 give the same picture.

4.8.4 Time series

The time series file contains 8,760 rows, one per hour, with normalised demand profiles and renewable
capacity factors for each cluster.

For each cluster, the minute-resolution power of all its municipalities is summed, so that a munici-
pality of 1,000 households weighs more than one of 200. It is then averaged to hourly resolution and
normalised over the year:

ϕ(c,h) =
P̄(c,h)

∑
8760
h′=1 P̄(c,h′)

(20)

where P̄(c,h) is the mean power of cluster c over hour h, so that the 8,760 values of ϕ sum to 1. The
result is a shape profile that tells EnergyScope how demand is distributed across the year, while the
absolute level comes from the demand file. Two profiles are produced this way, ELECTRICITY for
all RAMP categories combined and SPACE_COOLING for thermal comfort alone, since cooling has
a daily and seasonal pattern the model needs to see separately.

Renewable capacity factors come from Renewables Ninja [42] for the year 2019, computed per mu-
nicipality and averaged within each cluster. PV uses a 1 kW reference system tilted at the latitude of
each municipality, between 11 and 14 degrees across the study area, and facing the equator, which is
north in Bolivia. The mean capacity factor is about 17 %, typical for tropical regions. Onshore wind
uses a Vestas V90 of 2 MW at 80 m hub height, which gives about 6 % and reflects the weak wind
resource of the Amazon basin. Hydro, offshore wind, tidal and CSP carry placeholder values, since
they are unavailable in the region.

Two gaps follow from this construction. The grid-connected consumers of Source A have no mea-
sured load curve, so the shape used for them is the one RAMP produces for the off-grid households of
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Source B. Source B carries about 2 percent of the energy of the current system against 98 percent for
Source A, and the seven projections reuse that shape unchanged, so any statement about peak demand
or about storage sizing rests on that substitution. The capacity factors and the temperature series also
come from the single year 2019, and no other year was tested, so the sizing of the solar and storage
fleets carries the weather of that year with it.

4.8.5 Resources

Table 42 in Appendix C gives how resource availability was allocated to each cluster.

The region has no gas field, so local GAS availability is zero everywhere. Gas still appears in the
results in small quantities, through the liquefied path: the model imports LNG, regasifies it and
burns it in the existing gas water heaters of grid-connected households. Its catalogue price of 0.1988
Me/GWh is 1.8 times the diesel price and almost certainly reflects a European supply chain with
liquefaction and shipping rather than a Bolivian one. It was not recalibrated, since the amounts stay
below 0.6 Me/yr in every scenario and fall entirely outside the electricity scope.

4.8.6 Technologies

The technology file defines which technologies are available in each cell and their constraints. The
base is the SA-PA 2025 configuration [30], with cluster-specific minimum capacities (f_min) reflect-
ing existing infrastructure.

The minimum diesel capacity of GENSET_DIESEL comes from the active power the AETN publishes
for 2024 [52], 88.11 MW across C3, C4 and C5, and Table 9 gives it plant by plant. C1 and C2 have
no local plant. Existing utility PV is present only in C5, 0.00510 GW at the Cobija solar plant.

The El Sena plant is a hybrid, and the yearbook reports its two halves separately: 5.10 MW of thermal
capacity under ENDE, and 0.42 MW of photovoltaic capacity under ENDE Guaracachi, listed in a
distinct section of the same table [52]. The diesel figure used above is therefore the thermal half
alone and does not overstate the fossil capacity of C4. The photovoltaic half is a real installation,
commissioned in 2018 and rated at 400 kW peak by its operator [64], but it is not entered as brownfield
capacity in the model, so the existing solar capacity of C4 is understated by 0.42 MW.

The sufficiency demand includes domestic hot water (HEAT_LOW_T_HW, Section 4.6). In the
decentralised heat layer, three technologies can serve this demand: an electric resistance heater
(DEC_DIRECT_ELEC), a solar thermal water heater (DEC_SOLAR) and an electric heat pump
(DEC_HP_ELEC). Each can be coupled to a hot water storage tank (TS_DEC). Their availability
was configured as follows.

The solar water heater is present in the national technology catalogue but was not activated in the
national runs. It is unlocked here, with the national cost parameters kept unchanged: 743 C/kWth of
investment, 8.25 C/kWth/yr of maintenance and a 25 year lifetime. A dedicated solar thermal capacity
factor series drives its hourly output. The roof area constraint is not binding: the installed collector
area uses less than 3.5 % of the available surface.

This choice is well supported for the region. Heating water from about 27°C to 40°C is a small
temperature lift, which is the ideal operating range for a solar thermal collector. A field trial in
Manaus, in a climate comparable to the BNA, found that a simple thermosiphon delivered 150 litres
above 45°C on at least 93 % of the days of the year [65]. A Bolivian supply chain also exists, since the
El Sol project installed around 100 thermosiphon systems between 2009 and 2012 at about 1,414 USD
for a 150 litre unit [66], the same order of magnitude as the model cost. The Brazilian Minha Casa
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Minha Vida programme equipped social housing with rooftop collectors for around 896,000 people
by 2015 [67]. A household with a thermosiphon on the roof is therefore a common configuration in
the region and not a model artefact.

The storage tank uses the official EnergyScope TD parameters for decentralised thermal storage:
19 C2015/kWh of investment, 0.13 C/kWh/yr of maintenance and a 25 year lifetime [68], originally
adapted from Rager [69]. Keeping these values preserves the consistency of the technology catalogue,
since batteries, PV and gensets all come from the same database through the national model. The
tank operates as daily storage with losses of 0.824%/h; energy cannot be carried over between typical
days. Its construction emissions are not characterised in the database (gwp_constr = 0), so the hot
water tanks carry no embodied carbon in any emission figure of this thesis.

The heat pump is kept in the catalogue but blocked ( fmax = 0). On paper it is attractive, with a COP
of 3, but it was not retained for the rural context of the study area. Heat pumps for domestic water
are far less established than solar collectors or resistance heaters in the regional off-grid market, and
their compressors and refrigerant circuits require a level of specialised maintenance and spare parts
supply that is unlikely to be available in dispersed Amazonian communities. The realistic backup for
a solar water heater here is the electric resistance element integrated in the tank, which is standard
in the water heater products sold on the regional market. The optimiser is therefore left to choose
between solar thermal collectors and direct electric resistance heating.

The minimum capacity of STOVE_WOOD and STOVE_LPG follows the rule of Section 4.8.3. Every other
non-zero f_min is scaled from the SA-PA values in proportion to cluster population.

The distribution grid investment cost (GRID c_inv) is set to zero. Existing distribution infrastructure
is treated as a sunk cost. The cost of extending distribution lines to reach currently unserved house-
holds is not modelled by EnergyScope. It requires spatial data on household locations relative to the
existing lines, which is the subject of the spatial layer (Section 4.9).

4.8.7 Current system configuration

The universal sufficiency scenario lets the optimiser build any technology in any cluster. The current
system scenario represents the system as it exists today: a pure dispatch of installed capacity, with
no new construction allowed. This requires a different technology configuration in EnergyScope,
described below.

All generation and storage technologies are locked to their existing capacity, fmax = fmin, and to
zero where nothing exists. The optimiser can dispatch existing plants but cannot invest in new ones.
The brownfield correction of Equation 8 sets the capex on existing capacity to zero, so the cost is
essentially fuel plus maintenance.

Table 9 gives the locked diesel capacities per cluster. For each plant, Cuadro VI-1 of the AETN
yearbook reports both the installed capacity (Potencia Instalada) and the effective capacity (Potencia
Efectiva); the Potencia Efectiva values are the ones used here. The ratio between the two is not
constant across plants, which is why no single power factor reproduces the table.

This total is based on the AETN yearbook. The Geoportal spatial database used in Section 4.9.1 lists
the same systems with plant-by-plant ratings that differ from the yearbook, since the two sources
come from separate surveys taken at different dates; the Geoportal is used in this thesis only for the
location of the plants, not for their capacity.

Existing utility PV is present only in C5, with 5.1 MW at the Cobija solar plant. Lithium-ion battery
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Table 9: Existing diesel generation capacity by cluster (current system), from the AETN 2024
yearbook [52].

Cluster Plants Capacity (MW)

C1 none, supplied by the national grid 0

C2 none 0

C3 Riberalta 28.00, Guayaramerín 22.05, P. Gonzalo Moreno 3.28 53.33

C4 El Sena 5.10, Villa Nueva 2.32 7.42

C5 Cobija 27.36 27.36

Total 88.11

storage does not exist in the region, so it is set to zero. All other generation technologies are set to
zero.

Demand-side and infrastructure technologies, such as stoves, refrigeration, lighting, HVAC lines and
fuel storage, are left unconstrained so that the model can serve the demand. Lighting is restricted
to LED, consistent with the fact that the demand was built using LED efficiencies. All transport
technologies are set to zero, since mobility demand is zero.

The single electricity layer of a cluster does not distinguish a household connected to a line
from one that is not, and Section 3.4 explains what was added to deal with it. The parameter
share_dispersion is of no use here, since it can only push the production of the home systems up
and what is needed is the opposite, so it stays at zero in all five clusters. HS_DIESEL carries instead
a floor and a ceiling set to the same value in every cluster, so the annual output of the household
generators is fixed rather than merely bounded, at the demand of the Source B households of the
cluster and nothing more. PV_HS needs no bound, since its capacity is already fixed and its output
follows the solar resource.

The existing off-grid equipment enters as brownfield capacity. PV_HS is fixed at the existing panels,
rated at 50 Wp each [70], and HS_DIESEL at the existing generators, rated at 500 W each, a value
assumed for lack of any field data for the region, and it sets the brownfield capacity credited to that
technology. Its capacity factor cp, the annual energy ceiling of Equation 14, is set to 0.85, where
the catalogue carries three unsourced values for the same family of machines. Where the capacity is
locked to the existing generators, that ceiling does not bind. Where the capacity is free, the ceiling sets
the capacity the solver installs, since nothing more than the fixed production is needed. BATT_HS is
zero, since the existing pico-batteries of 123 Wh per PEVD kit amount to roughly 530 kWh across
the region, which is negligible at cluster scale. The constraint that forces the home battery to charge
only from the home panel is deactivated here, since it would force PV_HS to zero where the battery
capacity is zero.

The exchange topology is restricted to the three connections that physically exist today, C2 to C5, C3
to C4 and C4 to C5, and the three pairs open in universal sufficiency are closed. C1 remains the only
cluster with access to the national grid, and its external electricity availability is uncapped here, so the
model can serve the whole C1 demand from the SIN, which is what happens today.
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4.8.8 Universal access configuration

The universal access scenario measures what it costs to bring the sufficiency bundle to the 20,714
households of Sources B and C while leaving the connected households exactly as they are. Section
4.3 says why the second half of that sentence is a modelling requirement rather than a convenience.
Everything that serves Source A today is therefore held at its current level, through the annual pro-
duction bounds of Section 3.4. This section gives the values and says which technology carries which
bound.

The three clusters with a local diesel plant carry a floor on annual production, set to what those plants
deliver in the current system. Table 10 gives the values. The three sum to 184.921 GWh, which is the
entire regional genset output of the current system, so the counterfactual is reproduced exactly rather
than approximately. The two clusters without a local plant carry no bound at all, since there is nothing
to hold in place.

A floor alone is enough here, with no matching ceiling. The run confirms it: the existing fleet produces
the same 184.921 GWh in universal access as in the current system, so the floor binds and nothing
pushes these plants above it. The new demand is served entirely by what the model builds on top.
This is not a general rule, since Section 5.5 shows the gensets running more once the same demand is
added to a rebuilt supply.

Power plants are not the only equipment that Source A already owns. Some connected households
heat water with a gas boiler and others with an electric resistance, and both appear in the current
system. Left free, the optimiser would replace them with solar collectors, which is cheaper, and the
saving would be counted as a benefit of giving access to somebody else. Two further floors prevent
this. DEC_BOILER_GAS carries one in C2, C3, C4 and C5, and DEC_DIRECT_ELEC carries one
in C1, C3 and C5, each set to the production of the same technology in the current system. Where
a cluster shows a floor of zero in Table 10, the technology is genuinely unused there in the current
system, and the zero is stored deliberately rather than left unset. The five gas floors sum to 2.433
GWh and the five electric floors to 2.669 GWh, which are the productions of the two technologies in
the current system.

The home system technologies raise the same problem here as in the current system, so HS_DIESEL
again carries a ceiling on its annual production.

The difference with the current system is that it carries no floor. In the current system the household
generators were held to exactly today’s output, because that scenario reproduces the present situation.
Here the households of Sources B and C are being re-equipped, so there is no reason to hold their
generators at any particular level. The ceiling states what the technology cannot exceed, and the
optimiser chooses the mix of panel, generator and battery underneath it. The ceiling is set to the whole
electricity demand of the dispersed households of the cluster, not to the share of it that a generator
would plausibly cover. It is therefore a bound on what the household generators could deliver if they
served that demand on their own, and C5 receives a ceiling of zero because no household there falls
outside the reach of the grid. The same ceiling is written on the household panel, and it applies to
each technology separately and never to their sum.

The spatial layer of Section 4.9 classifies each community as connectable or dispersed, and
share_dispersion tells the model how much of the electricity must come from home systems.
Here it is calibrated as an energy ratio, the electricity demand of the dispersed households of a cluster
divided by its local electricity production, since the constraint is written on local production alone
and excludes inter-cluster exchanges. Universal sufficiency calibrates the same parameter the same
way, as Table 14 gives.
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The spatial layer classifies all sixteen communities of C2 as connectable, at the three horizons. The
cluster therefore has no dispersed household to equip, and both the floor and the ceiling on its home
system technologies are set to zero. This is a result of the classification and not a modelling choice.
C2 is also the cluster where the share constraint could not bind in any case, since it imports almost
all of its electricity from C5 and the constraint is written on local production alone. Section 4.9.3
describes that weakness and Section 8.1 says how to remove it. It has no consequence here.

Table 10: Annual production bounds applied in the universal access scenario, in GWh/yr. The floors
on the existing equipment reproduce its production in the current system. A dash means that the

technology is not present in the cluster; a zero is a bound that is set and binding.

Technology Bound C1 C2 C3 C4 C5

GENSET_DIESEL floor — — 103.859 25.653 55.409

DEC_BOILER_GAS floor 0 0.0172 0.8824 0.6510 0.8824

DEC_DIRECT_ELEC floor 0.3656 0 1.6132 0 0.6897

HS_DIESEL, PV_HS ceiling 0.1794 0 0.1107 0.2419 0

Everything that does not serve Source A is open. The model may build utility solar and battery storage
in any cluster, and it may equip the new households with home systems. The solar water heater
DEC_SOLAR is unlocked, unlike in the current system where it is blocked because the connected
households do not own one. This last point matters for the reading of the results, since part of the cost
difference against the current system comes from a technology becoming available rather than from
the access itself, and the two are separated in Section 5.7. The exchange topology is the same as in
the current system, restricted to the three connections that physically exist, and C1 keeps its access to
the national grid.

4.9 Spatial layer application
The EnergyScope optimisation in Section 3.3.1 treats the distribution grid as a sunk asset (GRID
c_inv = 0) and assumes every household is already reachable. In practice, a significant share of
households in the region has no grid connection. This section describes the spatial layer that esti-
mates the cost of physically reaching those households, completing the generation optimum with the
infrastructure dimension that the optimisation leaves out

The spatial layer feeds two quantities into EnergyScope: a share_dispersion per cluster, which
tells the optimisation how much of the electricity of that cluster must come from standalone home
systems, and a grid extension capex per cluster, which is the cost of building medium-voltage lines
to the communities that are within economic reach. Together with the EnergyScope generation cost,
these define the total system cost of universal access. The comparison between the generation cost
alone and the total cost including grid extension is the core of Objective 3.

4.9.1 Data sources

Three GIS layers from the Geoportal of the Ministerio de Hidrocarburos y Energías are used.

• Community locations (comunidades_electricidad_2012): point layer with, for each com-
munity, the number of households without electricity (No tiene) and the number with private
off-grid supply (Motor propio, Panel solar, Otra fuente). These correspond to Source C and
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Source B of Section 4.2.1 respectively. The layer dates from 2012; the 2024 Census provides
updated totals per municipality, but the spatial distribution within each municipality is assumed
stationary. In practice the 2012 counts are used as relative weights: each community receives a
share of the 2024 municipal total in proportion to the weight it had in 2012. The position of a
community and its size relative to its neighbours therefore come from 2012, while the number
of households it stands for comes from 2024.

• Medium-voltage lines (Líneas de Media Tensión 2023): LineString layer with 653 fea-
tures, distinguishing interconnected (SIN) from isolated (Sistema Aislado) lines.

• Generation plants (Centrales Generadoras): point layer with the 22 plants of the region,
giving about 89.6 MW of diesel and hybrid capacity and 5.1 MW of utility PV. This layer is
used for the location of the plants only; their capacity comes from the yearbook, as explained
in Section 4.8.7.

The distance from each community to the nearest medium-voltage line segment was computed using
the line geometry, not the generation plant locations. Only cluster C1 has communities nearest to a
SIN line; clusters C2 to C5 are entirely served by isolated mini-grid lines. Short extensions of the
SIN are treated as feasible.

4.9.2 Cost-breakeven classification

The breakeven classification of Section 3.5 is applied here with the unit costs of the region.

The unit costs in Equation (15) are 8,316 e/km for the medium-voltage line, 3,234 e per connected
community for the transformer station and 138.6 e per household for the connection, converted at
0.924 from the 9,000 USD/km, 3,500 USD and 150 USD of Peña Balderrama et al. [25] (Table A.5).
The extension cost is annualised with CRF(0.10, 30)=0.106.

The standalone option is a PV plus battery home system, sized on the electricity E that a dispersed
household draws under the sufficiency bundle, about 1,169 kWh/yr. That figure is the bundle without
water heating plus the electric backup of the solar collector, which the optimisation puts at 4.83
percent of the hot water demand.

A thermosiphon solar water heater serves the water heating in both options, so its cost appears on
both sides of the breakeven and cancels. Only the electric supply is compared. The panel is sized on
the annual energy and the battery on the days of autonomy:

PPV =
E

c f ·8760 ·η
Cbat =

naut ·E
365 ·DoD

(21)

with c f the PV capacity factor of the cluster, η the end to end efficiency of the installation, naut the
days of autonomy and DoD the depth of discharge of the battery. The two components carry different
lifetimes, so each is annualised with its own capital recovery factor and the operation and maintenance
rate applies to the whole:

saHH = CRFPV cPVPPV +CRFbat cbatCbat +ω (cPVPPV + cbatCbat) (22)

A community is dispersed when the extension cost of Equation (15), annualised on the same basis,
exceeds saHH, and Figure 9 shows that comparison community by community. Table 11 gives the
values. The result is 1,265.5 e per household and per year on average, and it runs from 1,212.80 to
1,284.99 across the 21 municipalities, since c f differs between clusters.
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Table 11: Parameters of the standalone system. The unit costs and the lifetimes come from the
technology catalogue of Section 4.9.4, so the classification and the optimisation price the same

equipment.

Parameter Symbol Value Source

End to end efficiency η 0.75 Panjon [71]

Days of autonomy naut 2 Lighting Global [72]

Depth of discharge DoD 0.80 Lighting Global [72]

Panel cost cPV 2,730 e/kW Section 4.9.4

Battery cost cbat 594 e/kWh Section 4.9.4

Panel lifetime 20 yr Section 4.9.4

Battery lifetime 10 yr Section 4.9.4

Operation and maintenance ω 2 %/yr of capex Peña Balderrama et al. [25]

The battery carries most of the standalone capex, so the days of autonomy is the assumption the
classification is most sensitive to. Lighting Global gives 3 to 5 days for critical public facilities and
1.5 to 2 days once the load is not critical, which places a household at the two days used here [72].
Table 12 varies that value and three other levers, one at a time, and the published count of 626 sits
inside the range they produce. Varying the depth of discharge between 0.70 and 0.90 is equivalent to
1.78 and 2.29 days of autonomy, which that range already covers. The last line of the table moves
the line cost instead. A last mile electrification plan published for Paraguay in 2025 prices a 22.9 kV
three phase line at 8,212 and 12,262 USD/km, poles included [73]. The 9,000 USD/km used here falls
between the two, and taking the upper value, 11,330 e/km after conversion, leaves 578 communities
connectable in 2024.

Table 12: Connectable communities under each assumption, one variant at a time. The variants are
not cumulated. The last line raises the line cost instead of the standalone cost, and leaves the

standalone system unchanged.

Variant Standalone (e/HH/yr) 2024 2035 2050

Published 1,265.5 626 645 651

naut = 1 day 830.9 547 586 616

naut = 3 days 1,700.0 646 658 671

Battery lifetime 15 yr 1,116.8 603 636 646

η = 0.85 1,218.8 619 643 651

Line at 11,330 e/km — 578 606 638
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Figure 9: The breakeven, one point per community. The dashed line is the median annualised cost of
a standalone system and the band its range across the 21 municipalities. The vertical axis gives what
a community pays for its own spur to the existing network, so the connectable communities that sit

above the band are the ones the shared trunk makes viable.

4.9.3 Source B and Source C integration

The analysis covers the 11,389 households of Source C and the 9,325 of Source B, whose locations
are known from the 2012 community layer. Source B households are modelled at the full sufficiency
level, since their panels and generators cannot deliver the bundle. A connectable Source B household
adds a connection cost to the extension capex but no line cost, because the line is built for the Source
C communities in any case. A dispersed one keeps its existing equipment, credited as brownfield
capacity on PV_HS and HS_DIESEL at 50 W per panel and 500 W per generator. Those credits stay
below 0.1 MW per cluster and change nothing in the extension result.

The parameter share_dispersion carries the classification into the optimisation. It appears in a
constraint written for every hour of every typical day. On one side sits the output of the home system
technologies, the panel and the generator plus what the home battery discharges net of what it absorbs.
On the other sits the electricity supply of the cluster multiplied by the parameter. The constraint
requires the first to be at least the second.

The definition of that supply matters most here. It is the output of every technology that feeds the
electricity layer, plus the electricity that arrives as a resource, and it leaves out what a neighbouring
cluster sends. Two consequences follow, and both matter later. The denominator is a supply and
not a demand, so it exceeds what the end uses of the cluster receive, by the network and the storage
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losses. A cluster that covers most of its consumption through an exchange also has an almost empty
denominator, so the constraint cannot bind however high the parameter is set.

The parameter is not derived the same way in the two scenarios. Universal sufficiency uses a ratio
of households, taken directly from the breakeven above. Universal access uses a ratio of energy,
calibrated so that the constraint delivers the annual electricity demand of the dispersed households.
Section 4.8.8 explains why the two cannot be the same. The share of universal sufficiency is larger in
C1 and C3 and smaller in C4, as Table 14 shows, and the reason sits in the denominator. Under the
bundle every household consumes the same amount, so the dispersed households weigh as much in
the energy as they do in the population. That stops being true as soon as the connected households
keep a demand several times larger than the bundle.

The constraint has two known weaknesses. Electricity arriving from a neighbouring cluster is not
counted in the local supply, so a cluster that imports most of its consumption has an almost empty
denominator and the constraint cannot bind; C2 is that case, and it happens to have no dispersed
household, so nothing is lost here. The parameter is also calibrated on an annual total while the
constraint is written for every hour, which leaves the home systems between 0.8 and 2.1 percent above
their target in 2025 and between 101 and 129 percent of it in the projections, where the dispersed share
and the annual ceiling interact non-monotonically. The ceiling is also written on each technology
separately and never on their sum, so the household panel and the household generator together deliver
about 2.4 GWh more than three clusters need in the projections, against a regional supply of 345 to
466 GWh.

The extension capex covers the lines built to reach the communities of Source C and the connection
of the Source B households within economic reach. It does not cover the replacement of the exist-
ing equipment of the households that stay dispersed, although those households are modelled at the
full sufficiency bundle, which their current panels and generators cannot deliver, so the total cost of
universal access and of universal sufficiency is a lower bound.

Table 13 gives the classification and the cost of the network per cluster, and Table 14 the two sets of
parameter values.

Table 13: Spatial classification and grid extension cost per cluster, at the household counts of the
2024 census, annualised with CRF(10%, 30 yr). These values are shared by every scenario that gives

the sufficiency bundle to Sources B and C.

C1 C2 C3 C4 C5 Total

Connectable communities 144 16 150 302 14 626

Dispersed communities 20 0 10 41 0 71

Tree length (km) 1,471.36 132.90 709.36 1,626.10 8.19 3,947.91

Extension capex (Me) 13.37 1.25 7.25 15.56 0.20 37.63

Annualised (Me/yr) 1.42 0.13 0.77 1.65 0.02 3.99

At the household counts of the 2024 census, 626 of the 697 communities are connectable and 71
are dispersed, for 3,947.91 km of medium voltage line over 755 edges. Among the connectable
communities, 285 attach directly to the existing network, 212 to a community connected before them,
and 129 by a mid-span tap, which creates a junction node carrying no household and no transformer.
Connectable is a screening result and not a state of the network, since none of these lines exists today,
and a dispersed community is served by its own panel and battery rather than left without electricity.
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Table 14: The share_dispersion parameter passed to EnergyScope, by cluster and by scenario.

Scenario C1 C2 C3 C4 C5

Universal access 0.0080 0.000 0.0010 0.0093 0.000

Universal sufficiency 0.0113 0.000 0.0014 0.0080 0.000

The line itself carries 87 % of the extension capital, against 5 % for the transformer stations and
8 % for the household connections. What decides the classification is therefore the distance to the
network, and not the equipment at either end, as Figure 36 in Appendix E shows.

That distance is a marginal one, measured against the network as the procedure has built it so far. A
single community can therefore justify a long segment that every community behind it then reuses,
which is what makes a chain viable when no member of it would pay for the whole line on its own.
Cluster C1 shows the effect at its clearest, in Figure 10.
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Figure 10: Published tree of cluster C1. The three deepest paths share a trunk of 9 edges and 165.9
km, which one community alone justifies and the others reuse.

4.9.4 Standalone technology costs

The standalone technologies are PV_HS (panel, inverter, cabling), BATT_HS (battery, charge con-
troller, cabling) and HS_DIESEL (small household generator). The cost of these technologies is
uncertain: component prices vary between sources and change quickly. Two cost bases are given in
Table 15.

The Arias values are built bottom-up from Bolivian component prices [3]. Inspection showed that the
inverter (576 USD for a 1.2 kW unit) accounts for about 60 % of PV_HS and is not independently
sourced in the original thesis. The 2024 values replace the inverter and charge controller prices
with current retail listings from AutoSolar (Peru and Colombia) and cross-check the total against
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Table 15: Standalone technology cost assumptions.

Technology Arias [3] 2024 sourced Source (2024)

PV_HS (e/kW) 4,747 2,730 Inverter: AutoSolar PE/CO; panel, cabling: retail

BATT_HS (e/kWh) 659 594 Lithium pack, charge controller and cabling, retail

HS_DIESEL (e/kW) 1,302 1,302 Arias [3] (unchanged)

the deployed household cost of the World Bank IDTR rural electrification programme [61], which
reports about 677 USD per household for an SHS installation. The battery cost was updated with the
BloombergNEF 2024 lithium pack benchmark. The model runs use the 2024 sourced values. The
Arias values are given for comparison and no run uses them.

4.10 The 2035 and 2050 horizons
The sections above describe the region as it stands in 2025. This section applies the projection rules
of Section 3.6 to it, and produces the inputs of the two future horizons: the population and the house-
holds, the split between the three sources, the demand of the connected households, and the scenarios
that Chapter 5 runs.

Two trajectories are built. The first brings every municipality to universal access in 2035. The second
reaches the same point in 2050, and its shape follows what the region has done since 2012 rather than
what it has announced. Universal access means that Source C is empty, not that Source A covers
every household, since a household supplied by its own solar home system has access to electricity
and simply has no line. Some households therefore remain in Source B in 2050. They are the ones
for which the spatial layer of Section 4.9 finds a standalone system cheaper than a line extension, and
time does not change that arithmetic.

One property makes the two trajectories comparable. The population and the number of households
are identical in the two, in both years, and only the split between Sources A, B and C differs. Any cost
difference between them therefore comes from the pace of access alone, and never from a different
assumption about how many people live in the region.

4.10.1 Calibrating and testing the projection rules

The rules of Section 3.6 carry parameters, and choosing between candidate rules requires testing them
on the territory they project. This section does both for the BNA, and it is what selects the rules that
the rest of this chapter applies.

The choice between candidate models follows the protocol the institute documents for its own munic-
ipal work: calibrate on the 2001 and 2012 censuses, predict 2024, and compare with what the 2024
census counted [33]. Six models were tested, the five the institute documents plus the deceleration
rule of Section 3.6.1. The criterion is the error on the population of each cluster rather than of each
municipality, because the clusters are what enters EnergyScope. The error on the regional total dis-
criminates nothing, since it is zero by construction for any hierarchical model. Table 16 gives the
result.

The two models constrained by a control total take the first two places and the three free models
collapse, as Figure 33 in Appendix D shows.



4 CASE STUDY: THE BOLIVIAN NORTHERN AMAZON 53

Table 16: Backtest of the six candidate models. Each is calibrated on the 2001 and 2012 censuses
and used to predict 2024. The figure is the deviation of the predicted cluster population from the

2024 census, in %.

Model C1 C2 C3 C4 C5

Proportional logistic −3.6 9.4 −7.2 2.9 5.9

Share of growth −3.7 14.7 −8.2 11.5 13.7

Logistic 1.4 30.4 −3.6 28.5 31.0

Linear 1.2 31.0 −3.5 29.6 31.8

Deceleration rule 0.1 34.5 −5.3 50.3 41.9

Exponential 7.6 68.2 1.0 115.0 87.7

A free functional form fitted municipality by municipality gives a median absolute error near four
times higher, 45.58 % against 11.92. Medians are used rather than means, because the mean is pulled
by a few very small municipalities. The result should be read narrowly. A free form fails at municipal
scale on a territory where several municipalities hold fewer than a thousand households and some
reverse their trend from one census to the next, and it says nothing about the same form applied to
large aggregates.

Table 16 places the deceleration rule fifth, which looks like a reason to drop it. Its failure mode was
measured instead. Its municipal error correlates strongly with the 2001 to 2012 base growth rate, with
a Pearson coefficient of 0.774 at p < 0.0001, against 0.220 and not significant for the proportional
logistic. The rule propagates the error of the rate it is given, and its three worst municipalities are
three of the four with the highest base rates. That failure mode does not apply where the rule is used,
since the official municipal rates for 2033 and 2034 run from −0.155 to +1.113 % per year, an order
of magnitude below the rates that break it. On the regional aggregate, where no control total applies,
its backtest error is 6.32 percent against 9.48 for the free logistic, so it is kept for the total.

The gap between the growth rate of households and that of the population is calibrated on the same
two periods. Between 2001 and 2012 the population of the study area grew by 2.920 % a year and
the households by 4.607, a gap of 1.687 points. Between 2012 and 2024 the two rates are 1.420 and
2.503, a gap of 1.083 points. The gap therefore falls by a factor of 0.642 over twelve years, and it
is extended past 2024 with that same factor. Two starting gaps are used, 0.934 points per year for
the three urban municipalities and 1.373 for the other eighteen, while the decay factor is regional and
shared. Estimating a separate factor per group was tried and rejected, since it rests on two points only
and returned 0.981 for the rural group, which means no deceleration at all over 26 years.

The access rate is tested the same way. The alternative to the gap closure of Equation 16 was a straight
line in percentage points per year. Both forms were calibrated on 2001 to 2012 and tested on their
prediction of 2024. The gap closure gives a mean absolute error of 8.4 points against 18.5 for the
linear form, and a bias of +2.4 against +13.4. Excluding two outlier municipalities the errors are 5.2
and 15.5 points. A second argument is more telling than either figure. The linear form sends 13 of
the 21 municipalities to full access by 2024, and not one of them is there. A rate expressed in points
per year cannot slow down as it approaches the ceiling, so it runs straight through it, while the gap
closure form produces that slowdown on its own with no extra parameter and no manual cap.

Both forms overpredict 2024, and both do so in the same direction, because electrification was much
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faster in the first intercensal period than in the second. Across the 21 municipalities the access rate
rose from 48.6 to 78.9 % between the 2001 and 2012 censuses, then to 86.5 % in 2024, which is 2.76
then 0.63 points per year over the eleven and twelve years that separate them [1]. Leaving out the
three urban centres gives 2.98 then 1.39, so the slowdown appears in both groups and is not an artefact
of saturation in the cities. Calibrating over the full 23 years would project a pace that no longer exists,
so only the 2012 to 2024 period is used.

4.10.2 Population and households in 2035 and 2050

The census baseline of Section 4.2 gives the starting point, 317,517 inhabitants and 84,209 households
in 2024. The census was taken in 2024 and the scenarios of Chapter 5 are dated 2025, since the utility
data they use covers that year. The two are treated as one starting state throughout, and the tables
below carry the census year.

The correction for census undercount is larger here than nationally. The statistical institute gives
359,200 inhabitants for the region against 317,517 counted, a difference of 13.13 %, against 4.85 %
for the country as a whole. Following the rule of Section 3.6.1, only ratios of the official series are
used, so those 41,683 inhabitants never enter the levels of this thesis. The size of the correction still
says something. The institute corrects the BNA almost three times harder than the country, and the
households a census taker misses are likely to be the ones a medium voltage line misses too.

The deceleration factor ρ(t) applied to the regional rate falls slowly and then collapses: 0.9719 in
2035, 0.9545 in 2040, 0.6600 in 2045 and 0.0921 in 2050. In the official series the Bolivian population
almost stops growing, so the last years of the trajectory add very little. This is a property of the official
projection and not a choice made here. The choice between the two candidate rules matters little in
any case, since either gives 349,534 against 349,535 inhabitants in 2035 and 381,165 against 381,277
in 2050, a difference of 0.03 %.

The regional household size falls from 3.771 in 2024 to 3.434 in 2035 and 3.171 in 2050. Two other
calibrations of the same functional form give 3.31 and 3.16 for 2050, which is reassuring about the
calibration and says nothing about the form itself. The result also sits where a comparison would put
it. The national census series gives 4.1 in 2001, 3.5 in 2012 and 3.1 in 2024, with 2.8 in rural areas
[74], the observed range across Latin America runs from 3.0 in Chile to 4.9 in Guatemala [75], and
no normative floor exists [76]. The trajectory is a scenario hypothesis calibrated on the study area and
not an official projection, and a range of 2.9 to 3.6 in 2050 is carried forward as the main uncertainty
of the demographic layer. Extending the official series past 2034 rests on assumptions that each have
a known direction. Internal migration is assumed to slow in the same proportion as natural growth,
which follows the method of the institute and pushes the result downwards. The ratio rule corrects
the level of the official series and not its slope, so an error in the projected growth rate is inherited.
The deceleration is abrupt at the end, the factor falling from 0.66 in 2045 to 0.09 in 2050, and no new
trend reversal is assumed after 2034 although three municipalities already reverse inside the official
series.

Table 17 gives the result. The population of the region gains 20.0 percent by 2050 and the number of
households gains 42.7 percent. The two are not the same driver, and using the first as a proxy for the
second misses half of the growth. Figure 11 shows the two paths against a common base.
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Table 17: Projected population, households and household size. The cluster rows give households.

2024 2035 2050 Growth to 2050

C1 10,933 12,942 14,873 +36.0 %

C2 802 998 1,204 +50.1 %

C3 40,298 47,958 55,641 +38.1 %

C4 16,612 20,801 25,487 +53.4 %

C5 15,564 19,084 22,994 +47.7 %

Households 84,209 101,783 120,199 +42.7 %

Population 317,517 349,534 381,165 +20.0 %

Household size 3.771 3.434 3.171 −15.9 %

Figure 11: Projected population and number of households in the region, indexed to 100 in 2024.
The gap between the two curves is the fall in household size.

The mechanism is already visible in the observed data, without any projection. Between 2012 and
2024 all 21 municipalities gained households, and five of them lost inhabitants over the same period
and gained households anyway, as Table 18 shows. Together these five hold 19.9 % of the households
of the region.

The same mechanism would set the demand of the sufficiency bundle if a projection carried it, since
the bundle is fixed per household: its total would follow the 42.7 percent of the households and not
the 20.0 percent of the population.
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Table 18: The five municipalities that lost population and gained households between the 2012 and
2024 censuses.

Municipality Population Households Household size

Guayaramerín −0.1 % +17.6 % 4.34 to 3.68

Reyes −12.6 % +15.4 % 4.36 to 3.30

Bella Flor −3.6 % +30.8 % 3.76 to 2.77

Villa Nueva −10.8 % +20.2 % 4.73 to 3.51

Nueva Esperanza −11.5 % +4.9 % 3.81 to 3.21

4.10.3 The split between the three sources at each horizon

The dispersed share of each municipality comes from the spatial layer of Section 4.9. It is the Source
C households of the municipality that live in a community classified as dispersed, divided by all its
Source C households, and it is applied to the whole unconnected basin. It is zero in seven munici-
palities, Bolpebra, Cobija, Nueva Esperanza, Porvenir, Puerto Gonzalo Moreno, San Pedro and Villa
Nueva, where the shared trunk reaches every community. It reaches 0.138 in Ingavi and 0.127 in
Santos Mercado, the two most isolated municipalities of the region, and its regional mean weighted
by the unconnected basin is 0.027. This is not the share_dispersion of Table 14, which is a ratio
of energy rather than of households, and the two should not be read against each other.

Of the 9,325 Source B households of the census, 9,078 are matched to a community of the 2012 layer,
and the standalone system is priced with the same technology catalogue as the optimisation.

Table 19 gives the regional split, and Table 45 in Appendix D gives the same by cluster.

Table 19: Households by source of electricity under the two access trajectories. Universal access
means an empty Source C, not a Source A covering every household.

Trajectory Year Source A Source B Source C

Observed 2024 63,495 9,325 11,389

Access in 2035 2035 101,351 432 0

Access in 2035 2050 119,756 443 0

Access in 2050 2035 89,967 5,447 6,369

Access in 2050 2050 119,756 443 0

Both trajectories reach full access, both hold the same 120,199 households, and both leave the same
443 of them on standalone systems. Figure 12 shows where the two calendars separate. The slower
one is trend based in its shape rather than in its total pace, since reaching full access in 2050 is a
constraint of the scenario and a natural closure would not get there. What the calibration decides is
how the effort is spread over the period, and the factor ϕm(2035) says how much falls in the first half,
from 0.42 for Ingavi to 0.72 for Cobija.
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Figure 12: Share of households with electricity from any source, by cluster. The two trajectories
share the 2024 baseline and the 2050 endpoint, and differ only at the intermediate horizon.

The number of off grid households collapses. Under Access in 2035 it drops from 9,325 to 432 by
2035, then rises to 443 by 2050. Under Access in 2050 it falls from 9,325 to 5,447 and then to the
same 443. Two mechanisms act on Source B, since line extensions pull households out of it and
household growth pushes new ones in. The faster calendar finishes all the profitable extensions by
2035, so only the second mechanism is left after that year, and the number rises again by eleven
households. The slower calendar is still building lines throughout, so it falls the whole way.

The same pattern appears cluster by cluster. C2 and C5 empty completely, because no community
of Bolpebra or of Cobija falls outside the reach of the grid. C3 nearly empties too, from 2,274 to 81
households under Access in 2035, since it is the most urbanised cluster after C5. What remains in
2050 sits almost entirely in C1 and C4, with 146 and 207 households, which is 80 % of the regional
total. In these two clusters a standalone system stays cheaper than a line at all three horizons.

The network is the yardstick of the calendar. Reaching every connectable community by 2035 means
building 4,095 km of medium voltage line, about 372 km a year, and spreading the same programme to
2050 brings it down to 160 km a year. No national series of kilometres built per year exists for Bolivia.
What can be cited is what ENDE reports about itself: nine distribution projects totalling 763.69 km
of medium voltage line in 2021, across Cochabamba, Chuquisaca, Beni and Pando [77], then 178
km by its Beni subsidiary in 2024 and 98.72 km by its Oruro subsidiary in 2023 [78, 79]. None of
these covers the cooperatives or the other distributors, so they are a floor rather than a total. The
faster calendar therefore asks one region for about half of what ENDE built across four departments
in its best documented year, for under three % of the Bolivian population. Figure 13 shows where
that network runs and how little the two future horizons add to it, and Figure 34 in Appendix D gives
the kilometres cluster by cluster. The network to build is decided by the settlements of today, since
household growth adds 36 edges by 2035 and 9 more by 2050, on a tree that already holds 755.
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Figure 13: Medium voltage tree at the 2050 household counts, each edge coloured by the horizon at
which it first appears. The classification is run again at each horizon, so the three trees are not nested.

4.10.4 The projected demand of the connected households

Table 20 gives the projected Source A demand by end use and Table 21 the cluster totals that feed the
demand files.
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Table 20: Projected Source A demand by end use, in GWh/yr. The end use names are those of the
demand file described in Section 4.8.3. The COOKING line carries only the electric cooking

measured on the commercial tariff, and not the 111 GWh of household cooking, which is built
separately from the census.

End use 2024 2035, access 2035 2035, access 2050 2050

FOOD_PRESERVATION 48.50 89.58 69.66 106.09

ELECTRICITY 54.51 84.22 74.51 99.43

SPACE_COOLING 32.59 52.29 44.58 61.93

LIGHTING_R_C 12.93 20.65 18.32 24.33

LIGHTING_P 9.71 15.09 13.52 17.79

MECH. ENERGY_IND 12.96 12.96 12.96 12.96

HEAT_LOW_T_HW 5.10 7.87 7.10 9.32

COOKING 2.31 3.47 3.17 4.12

MECH. ENERGY_COMM 1.48 2.23 2.04 2.65

Total 180.10 288.37 245.86 338.63

Source A demand is multiplied by 1.88 between 2024 and 2050, and the number of Source A house-
holds by 1.89. The intensity per connected household moves from 2,836 to 2,828 kilowatt hours, a
change of three tenths of a %, so the growth of this demand is a phenomenon of access and demogra-
phy rather than of consumption. The flatness is a coincidence rather than a law. Residential intensity
does rise, by 9 %, as ownership follows access, while the industrial and residual sectors are frozen in
level and are therefore diluted by the growing household count. The two happen to cancel at regional
scale.

The same average hides very different clusters. In C2, where only 19 % of households were connected
in 2024, the demand is multiplied by 11.3 while the connected households are multiplied by 7.7. In
C5 the opposite happens, since demand rises by a factor of 1.33 against 1.54 for the households, so
intensity falls by 14 %. The method builds this in, because ownership is tied to the access rate and a
municipality already at 97.5 % has nothing left to gain.

Food preservation is the second end use of Source A in 2024, at 48.5 GWh behind the 54.5 GWh of
the residual electricity line, and it is the one that grows fastest. It reaches 106.1 GWh in 2050 and
takes first place, multiplied by 2.19 while the total is multiplied by 1.88, so its share of Source A
demand rises from 27 to 31 %. The reason is direct, since refrigerator ownership is tied to the access
rate and it is low in exactly the municipalities that gain the most access. This puts more weight on an
assumption that Chapter 8 flags as the weakest of the model, the duty cycle of the refrigerator.

Two checks bound the method. Putting every appliance on the access relationship gives 340.36 GWh
in 2050 and freezing every one of them gives 311.88, against 338.63 for the hybrid rule retained. The
bracket is not symmetric. The upper bound sits 0.5 % above the hybrid rule and the lower one 7.9
% below it, so the hybrid rule is already close to the ceiling and the uncertainty on ownership can
only lower the projected demand. Applying the whole machinery to the 2024 inputs returns the 2025
Source A demand to within 0.002 %, which confirms that the chain is continuous with the runs of
Chapter 5. Three things do not move in this projection. The unit consumption of every appliance
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Table 21: Projected Source A demand by cluster, in GWh/yr.

Cluster 2024 2035, access 2035 2035, access 2050 2050

C1 11.75 30.45 20.97 34.93

C2 0.24 2.24 1.29 2.70

C3 90.09 128.30 114.41 146.64

C4 22.88 65.89 48.66 81.14

C5 55.14 61.49 60.53 73.23

Total 180.10 288.37 245.86 338.63

Source A households 63,495 101,351 89,967 119,756

Intensity (kWh/household) 2,836 2,845 2,733 2,828

is held at its 2025 value, so no efficiency gain is credited and the 2050 demand comes out high.
The industrial and residual tariffs are held at their 2025 level, which pushes the same demand down.
Equipment ownership is also tied to the access rate, so a municipality already at full access keeps its
2024 equipment although that is where rising income pushes hardest. These biases work in opposite
directions and none of them is corrected.

The external electricity available to C1 never binds. The 2025 runs leave it far above any import the
cluster could make, and C1 draws 13.86 GWh over the year, which is the 11.593 GWh its households
consume plus the network losses. The same rule is kept in projection, where the availability is set at
roughly twice the total electricity demand of C1: 75 GWh per year in 2035 under Access in 2050,
86 GWh under Access in 2035, and 99 GWh in 2050.The projected Source A consumption of the C1
municipalities is a separate quantity, 18.56 GWh in 2035 under Access in 2050, 25.43 under Access
in 2035, and 29.03 in 2050 under both.

4.10.5 The four projection scenarios

Everything not stated here is unchanged from the 2025 configuration: the clusters, the resource prices,
the exchange topology, the technology catalogue and the time series. Table 22 lists the four scenarios,
run over seven cases in total, three at 2035 and four at 2050.

Table 22: The projection scenarios. Diesel only carries the same demand as Access in 2050, so the
pair isolates the supply rule. Access in 2035 and Access in 2050 share the supply rule, so the pair

isolates the calendar.

Scenario Access reached Supply Horizons

Diesel only 2050 existing plants, diesel only 2035, 2050

Access in 2050 2050 free investment 2035, 2050

Access in 2035 2035 free investment 2035, 2050

Access in 2035 with Brazilian import 2035 free investment, plus import 2050

The national commitment is more ambitious than either calendar, since the Bolivian Nationally De-
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termined Contribution targets universal access by 2030 [80]. That date falls before the first horizon
of this work, so it is not modelled as a scenario, and Access in 2035 is the closest thing to it that the
two horizons allow.

Diesel only is a bound rather than a forecast. Utility solar is already the cheapest way to produce a
kilowatt hour in this region, as Chapter 5 shows, so a region that builds none of it by 2050 is not what
anyone expects. Its purpose is to price the alternative that the two other trajectories reject, which is
what keeping the present supply costs if nothing is built. Allowing it to build solar would not produce
a third trajectory, it would produce Access in 2050.

The retirement of the 2025 fleet forces that scenario to be defined twice. In 2035 every generation and
storage technology is locked to the capacity that exists, exactly as in the current system of Chapter 5.
In 2050 the diesel floor has fallen to zero, so leaving the fleet locked would forbid the region to run
any dispatchable plant at all. The diesel capacity is therefore released and the model sizes it freely,
while utility solar and batteries stay locked at zero. Diesel only at 2050 is a region that keeps replacing
its engines and builds nothing else. The Cobija solar plant is part of what it does not rebuild, 5.1 MW
producing 7.8 GWh a year in 2035 and gone in 2050, which against a supply of some 370 GWh is
about two percent served by diesel instead. The direction matters more than the size, since it pushes
Diesel only away from the ones it is compared with.

The two trajectories start from the same installed capacity, that of the current system, which is the
only fleet that physically exists in 2025. The brownfield rule of Equation 8 charges no capital on
what already stands, so a trajectory anchored on a rebuilt system would inherit that fleet for free. The
technology catalogue is identical in the two for the same reason, since Section 5.7 shows that blocking
one technology moves the annual cost of a scenario by more than ten %.

The definition of the service also changes between the 2025 scenarios and these. There, the house-
holds of Sources B and C receive the normative sufficiency bundle. Here, a household that gains
access becomes an ordinary Source A household and consumes at the rate the utility data give for
connected households in its municipality. This second definition is empirical rather than normative,
and it is the more realistic of the two once access means a line to the house. It means that this sec-
tion does not continue the access transition scenario of Chapter 5, and that it answers a neighbouring
question: what it costs to bring every household to the level of service that connected households in
this region actually have. Table 23 gathers that difference and the five others that separate the two
families of scenarios.

The grid extension is priced on the same basis as in 2025 and stays outside the generation cost.
Reaching every connectable community costs 39.54 Me of capital at the 2035 household counts and
40.68 Me at the 2050 ones, which is 4.19 and 4.32 Me/yr once annualised over thirty years at the
discount rate of the model. Both figures are for full access, so the second applies to the two trajectories
and the first only to Access in 2035.

4.11 What this chapter establishes
The region is 84,209 households, of which 63,495 are supplied by the public service, 9,325 by their
own panel or generator, and 11,389 by nothing at all. Three different methods estimate them, because
the data available for each is different, and the heterogeneity between municipalities is what forces
that separation: public grid coverage runs from 0.3 to 95.9 % inside one region.

Two demand definitions are built on the same territory and with the same model, the sufficiency
bundle at 245.13 GWh of useful energy and the demand measured today. Neither is a forecast, and
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Table 23: What differs between the five 2025 scenarios of Chapter 5 and the projection scenarios.
Everything not listed is identical.

2025 scenarios Projection scenarios

Demand of a household
that gains access

the normative sufficiency bundle the observed consumption of a
Source A household of the same mu-
nicipality

Sufficiency demand one scenario gives it to all 84,209
households

no scenario carries it

Capacity at the start of
the run

the fleet that exists in 2025 the fleet of the previous horizon,
chained through Equation 8

Investment costs the 2025 catalogue the same catalogue, with a declining
ratio on utility solar, lithium storage,
the household panel and the house-
hold battery

Reported cost as returned by the optimisation reconstructed at 2050, where the ca-
pacity inherited from 2035 is re-
invoiced at its 2035 cost

External electricity
available to C1

capped at the observed consump-
tion

set high enough never to bind

the distance between them is what Chapter 5 measures. Cooking and hot water carry 74 % of that
demand and neither has to be electric, which is why every cost of the next chapter is split between an
electric perimeter and a non-electric one. The spatial layer supplies what the optimisation cannot see:
626 of the 697 communities are cheaper to reach with a line, 71 are cheaper to equip with standalone
systems, and the lines cost 37.63 Me of capital, added to the generation optimum wherever a scenario
connects households that have no line today.

5 Results
This chapter reports what the five 2025 scenarios of Chapter 4 cost, what they emit, and how they
supply the region. It follows the order in which the scenarios were defined. Two conventions on
how a cost is measured come first, because every figure of the chapter depends on them. The current
system comes next, since the four others are read against it, and each of those changes one thing at
a time. A sensitivity on the water heating technology follows, then the comparison of the five, and a
last section reports the seven runs of 2035 and 2050.

Rebuilding the supply saves more than any other single change, and no household changes what it
consumes. Giving access to the households that have none costs more on a supply that has already
been decarbonised than on the diesel system of today, which is not what one would expect. The
emissions of the region are decided by whether the model may invest, not by how much electricity is
consumed, so cost and emissions respond to two different decisions.
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5.1 How the costs are reported
Every cost in this chapter follows the same two conventions, stated once here.

The first concerns the scope of the cost. The optimisation returns a single total annual cost that covers
every energy service of the region, including cooking with wood and LPG and water heating with gas
or with a solar collector. Dividing that total by an amount of electricity would mix a numerator that
contains non-electric fuels with a denominator that does not. The cost is therefore split in two. The
electric scope gathers every technology that produces or consumes electricity, the batteries, the net-
work, and the electricity and diesel consumed by those technologies. The non-electric scope gathers
non-electric cooking, gas and solar water heating, and thermal storage.

The second concerns the denominator. In EnergyScope each end use has its own layer, so the electric-
ity drawn by a refrigerator or a light bulb does not appear on the ELECTRICITY line of the demand
file. The denominator used here is the sum of two terms: the electricity consumed by the end-use tech-
nologies, and the demand served directly from the electricity layer. Network losses, storage cycling
and inter-cluster exchanges are excluded, since none of them is an end use.

The unit cost reported in the sections below is the supply cost. It covers the generation, the storage and
the network, which is what compares to a tariff or to a levelised cost of electricity. The end-use appli-
ances are outside it, because the technology database gives no investment and no maintenance cost to
the refrigerator, which is the largest single electricity consumer in every scenario. The same database
gives a construction footprint of zero to the network technologies, so the 3,948 km of medium voltage
line, the inter-cluster lines and the hot water tanks carry no embodied carbon in any emission figure
of this chapter. Both gaps understate the scenarios that build the most infrastructure.

5.2 Current system
The current system scenario is a costed picture of the present situation. The demand is the measured
one, the existing plants are the only ones available, and the model can do nothing but dispatch them.
It is the reference against which the other four scenarios are read.

The system supplies 209.6 GWh of electricity over the year, of which 176.6 GWh reaches an end
use. The difference is the network loss of Section 4.8.1. No storage is installed in this scenario, so
nothing is lost to cycling either. Diesel gensets produce 184.9 GWh, or 88 % of the total. The national
grid supplies 13.9 GWh to C1, the only cluster connected to it, and the Cobija solar plant produces
7.8 GWh. Home systems produce 3.0 GWh, which is 1.4 % of the regional supply and the entire
consumption of the 9,325 off-grid households.

The region therefore runs on diesel. The gensets and the household generators burn 508 GWh of fuel
to deliver 187.5 GWh of electricity, an average conversion efficiency of 37 %. Diesel machinery adds
3.8 GWh, which brings the diesel bill of the region to about 512 GWh a year. That efficiency is in
the usual range for diesel gensets. The size of the fuel bill comes from the price of diesel and from its
share of the supply, not from the efficiency of the engines.

Figure 14 traces the annual flows of that system from resources to services. Two chains carry the
region and they barely touch: diesel into electricity, and LPG into cooking.
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Figure 14: Annual energy flows of the current system in 2025, in GWh, from resources to end uses.
Network losses appear as an end use of their own.

The total annual cost is 66.51 Me/yr and it divides in three. Supplying the electricity costs 58.21
Me/yr, which covers the plants, the fuel they burn, the import and the network. The electrical equip-
ment of the end uses adds 2.45 Me/yr, dominated by air conditioning at 1.97 Me/yr. The remaining
5.85 Me/yr falls outside the electricity scope altogether, mostly cooking with LPG. Only the first of
the three is a supply cost, following the convention of Section 5.1.

The structure is almost entirely operational: 62.80 Me/yr of resource cost against 2.08 Me/yr of
investment and 1.64 Me/yr of maintenance. The investment that does appear is not generation. The
plants are brownfield and carry no capex, so what is left is the end-use equipment the model has to
build to serve the demand.

Diesel alone accounts for 56.55 Me/yr, which is 97 % of the supply cost. Divided by the 187.5 GWh
it produces, the fuel represents 0.30 e/kWh at the point of generation, before anything else is added.
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Maintenance and the network bring the supply cost to 0.33 e/kWh of electricity delivered to an end
use.

Table 24 gives the cost and the emissions by cluster.

Table 24: Annual cost and emissions by cluster, current system.

Cost (Me/yr) Emissions (ktCO2eq/yr)

Cluster Investment Maintenance Resources Total Operation Construction

C1 0.17 0.09 1.59 1.86 9.83 0.17

C2 0.01 0.00 0.08 0.09 0.57 0.02

C3 0.89 0.78 34.06 35.74 113.97 1.37

C4 0.37 0.20 9.17 9.74 33.07 0.43

C5 0.64 0.56 17.90 19.09 57.25 1.00

Total 2.08 1.64 62.80 66.51 214.69 2.98

C3 and C5 together carry 82 % of the regional cost. Both host the large isolated diesel systems of the
region, Riberalta and Guayaramerín on one side and Cobija on the other. C1 is the cheapest cluster per
unit served, because it is the only one that draws on the national grid instead of burning fuel locally.
C2 carries 0.1 % of the regional cost. Bolpebra is one small municipality, and the clustering keeps it
apart for its economic structure and not for its energy volume.

Operational emissions are 214.7 ktCO2eq per year and come almost entirely from diesel combustion.
Construction emissions add 2.98 ktCO2eq per year, for a total of 217.7 ktCO2eq. This scenario builds
almost nothing. The model charges construction emissions on the total installed capacity while it
charges investment cost only on the capacity built beyond what already exists, so the existing diesel
fleet carries its embodied emissions without carrying its capital cost. The 2.98 ktCO2eq is therefore
not the footprint of anything built in 2025.

5.3 Supply transition
The supply transition scenario keeps the demand of the current system unchanged and lets the model
invest freely. No household changes what it consumes. The only thing that changes is what the region
is allowed to build. The question it answers is narrow on purpose: how much of the present cost is
caused by the way electricity is produced, rather than by how much of it is consumed.

The optimiser installs about 154 MW of utility PV, of which 149 MW is new, concentrated in C3 (82
MW), C5 (51 MW) and C4 (20 MW). It pairs this with 225 MWh of lithium-ion storage in the same
three clusters: 122 MWh in C3, 73 MWh in C5 and 29 MWh in C4. C1 receives none, because it has
no local generation to firm and draws on the national grid instead.

These two technologies carry the whole of the new investment. Utility PV costs 17.62 Me/yr in
investment and maintenance, and the batteries 12.76 Me/yr. Together they are 89 % of the annual
capital charge of the scenario, and everything else, from the lighting to the stoves to the inter-cluster
lines, shares the remaining tenth. The existing diesel fleet stays installed but barely runs. Its output
falls from 184.9 to 9.3 GWh, and regional diesel consumption falls from about 512 to 34 GWh, a
reduction of 93 %.
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Utility PV supplies 220.6 GWh, or 89 % of the 246.6 GWh delivered by the system. The national
grid contributes 5.6 %, the remaining diesel 3.8 %, and home systems 1.2 %. In one step the region
goes from a system that is 88 % diesel to one that is 89 % solar, without a single household changing
its behaviour.

The mix is maintained hour by hour through two mechanisms. The batteries move the midday pro-
duction into the evening and the night, and the diesel fleet remains in place for the hours when neither
the sun nor the storage capacity is available, which is what its remaining 9.3 GWh serve. The energy
balance therefore closes at every hour of the 16 typical days. However, achieving an energy balance
is not the same as operating the system. In a grid where 89 % of the energy arrives via inverters, little
rotating inertia remains, so the frequency control that the diesel engines provide today must come
from elsewhere. This question sits outside the model, under the assumption of Section 3.3.1, and the
tools referenced there can answer it.

The electricity delivered to end uses rises from 176.6 to 199.8 GWh even though the useful demand is
identical in the two scenarios. The 23.2 GWh of difference comes from end uses that change carrier,
electric cooking above all. LPG consumption falls accordingly, from 4.46 to 3.67 Me/yr.

Nothing in the scenario asked for this. The cooking mix is left entirely free, with no minimum or
maximum share imposed on any stove, so the switch is the optimiser choosing the cheaper option
once solar electricity is available. Building solar generation therefore does not only displace diesel.
It also pulls onto the electricity layer thermal demand that subsidised fuels served before.

The total annual cost falls to 42.15 Me/yr, a reduction of 37 % against the current system. The
structure of the cost turns over completely. Resource cost drops from 62.80 to 8.32 Me/yr, while
investment and maintenance rise from 3.71 to 33.83 Me/yr. The system stops paying for fuel every
year and starts paying back capital instead. The supply cost of electricity falls from 0.33 to 0.18
e/kWh.

Table 25: Annual cost and emissions by cluster, supply transition.

Cost (Me/yr) Emissions (ktCO2eq/yr)

Cluster Investment Maintenance Resources Total Operation Construction

C1 0.17 0.09 1.59 1.86 9.83 0.17

C2 0.17 0.03 0.06 0.26 0.38 0.10

C3 15.27 2.81 3.69 21.77 24.83 7.52

C4 3.83 0.70 1.34 5.87 9.39 1.93

C5 9.05 1.71 1.64 12.40 10.37 4.51

Total 28.49 5.34 8.32 42.15 54.80 14.24

Table 25 gives the cost and the emissions by cluster, and C1 is identical to the current system to the
fourth decimal. It has no local diesel plant and no local generation to replace, so it stays on imported
grid electricity whatever the investment rules are. Every euro of the saving is made in the four other
clusters, and more than half of it in C3 alone, which goes from 34.06 Me/yr of fuel to 15.27 Me/yr
of investment.

Operational emissions fall from 214.7 to 54.8 ktCO2eq per year. Construction emissions rise from
2.98 to 14.24, which is the embodied footprint of the new solar and battery fleet, annualised over its
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lifetime. The total falls from 217.7 to 69.0 ktCO2eq, a reduction of 68 percent.

5.4 Universal access
This is the scenario a planner faces. What does it cost to bring a decent level of service to the
20,714 households that are badly served or not served at all, without changing anything for those who
already have electricity. The grid-connected demand stays at its measured level, and the households
of Sources B and C move to the sufficiency bundle. The production of the existing plants is frozen to
what they deliver in the current system, using the mechanism of Section 3.4.

The existing diesel fleet keeps producing exactly what it produces today: 184.9 GWh from utility
gensets and, for the households that stay dispersed, a bounded output from home generators. The new
demand adds about 26.8 GWh of electricity to end uses, raising the regional denominator from 176.6
to 203.4 GWh. The model builds the generation needed to cover this increment, plus the solar water
heaters for the hot water of the new households.

The 20,714 households that move to the sufficiency bundle are not spread evenly. C4 holds 7,963
of them, which is 48 % of its own population: nearly one household in two in rural Pando has no
public supply today. C3 holds 6,372, but they represent only 16 % of a cluster that is already 84 %
connected. C1 holds 5,090, or 47 % of its households. C2 is the least served of all, with only 19 % of
its 802 households on the public grid. C5 is the opposite case, with 96 % of Cobija already connected
and only 643 households left out.

This distribution explains the shape of the results that follow. The cost of the access is concentrated
in C1 and C4, where the households are many and the communities are far apart, while the cost of the
system as a whole stays concentrated in C3 and C5, where the diesel is burnt.

The new generation is modest. Utility PV reaches 34.5 GWh. This is a fraction of the 220.6 GWh
built in the supply transition, because the model cannot re-optimise the existing supply and only adds
what the new households need. The installed PV capacity is about 22 MW, compared with 154 MW
in the supply transition. No new lithium-ion battery is deployed at cluster scale.

Home systems serve the households that remain dispersed after the spatial classification. Their pro-
duction is 0.54 GWh, in C1, C3 and C4 alone, since the classification leaves no dispersed community
in C2 or in C5. Table 26 compares their output with the target demand.

Table 26: Home system production against the target demand of dispersed households, universal
access.

C1 C2 C3 C4 C5

Target (GWh/yr) 0.179 0 0.111 0.242 0

Home systems (GWh/yr) 0.181 0 0.113 0.246 0

Deviation +0.8 % — +2.1 % +1.5 % —

The home systems deliver the target demand of the dispersed households to within 2.1 % in every
cluster. The residual comes from the shape of the dispersion constraint, which is enforced hour by
hour on a value calibrated on annual totals, as Section 4.9.3 describes. C2 and C5 hold no dispersed
community, so their home system technologies are bounded to zero.
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The solar water heater is available here and not in the current system, where the connected households
do not own one. It is opened for the new households of Sources B and C.

The hot water demand is 22.73 GWh and the heat layer produces 23.8 GWh to serve it, the difference
being the tank losses again. Of that production the solar collector serves 17.2 GWh (72 %), the
existing gas water heaters of Source A contribute 2.4 GWh (10 %), and the electric resistance serves
4.2 GWh (18 %). The losses are proportionally smaller than in universal sufficiency, at 4.5 percent of
the production against 5.5, because the two electric and gas paths can produce at the hour the water
is drawn and skip the tank. The gas contribution is identical to the current system, down to the third
decimal, because the production of the existing gas heaters is frozen by the same mechanism as the
plants. The water heating of Source A is therefore held fixed, and the solar collectors serve the new
households only.

Part of the cost difference against the current system therefore comes from a technology becoming
available, and not only from the access itself. Section 5.7 separates the two.

The generation cost is 69.02 Me/yr, which is 2.51 Me/yr above the current system. Adding the grid
extension brings the total to 73.01 Me/yr, or 6.50 Me/yr above. Per new household this is 314 e/yr,
or about 26 e per month. These are annualised costs that include the capital recovery of the lines and
of the generation equipment. They are not an upfront expenditure, but they are the yearly budget the
region would have to find.

Table 27: Annual cost and emissions by cluster, universal access (generation only).

Cost (Me/yr) Emissions (ktCO2eq/yr)

Cluster Investment Maintenance Resources Total Operation Construction

C1 0.40 0.12 1.91 2.42 11.05 0.14

C2 0.04 0.01 0.05 0.09 0.48 0.01

C3 1.85 0.98 33.68 36.50 112.87 1.83

C4 0.76 0.24 8.80 9.80 32.04 0.35

C5 1.65 0.82 17.74 20.20 56.80 1.72

Total 4.69 2.16 62.17 69.02 213.24 4.05

Table 27 gives the cost and the emissions by cluster. The supply cost of electricity falls slightly, from
0.33 to 0.30 e/kWh without the grid extension, because the new PV in C3 and C5 serves the added
demand more cheaply than the diesel average. With the grid extension it rises to 0.32 e/kWh, still
below the current system. Figure 15 compares the two scenarios side by side.
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Figure 15: Current system against universal access: production, cost and emissions by cluster. The
increment is concentrated where the new households are, and the existing diesel production is

identical in the two scenarios.

Unlike the supply transition, this scenario does not flip the supply mix. Diesel still produces 184.9
GWh, exactly as in the current system. The PV that is built covers the increment, not the base.
This is by design. The frozen production of the existing plants prevents any substitution, so the
cost comparison measures the access alone, without the saving that would come from switching the
existing fleet to solar.

Changing the access and the supply at the same time gives a different picture, and it is what universal
sufficiency does in Section 5.6. Section 5.8 splits the gap between the two into three steps, and shows
that the cost of the access depends on whether the supply has already been rebuilt.

Total emissions are 217.3 ktCO2eq, marginally below the current system (217.7). Operational emis-
sions are lower (213.2 against 214.7), because part of the household diesel generation that served
Source B has been replaced by home PV. The small increase in construction emissions reflects the
embodied carbon of the new panels and collectors.

The access is therefore carbon neutral to first order. The households that gain access are a quarter of
the total, but their demand is only 15 % of the regional electricity. The existing diesel fleet sets the
emissions of the region, and the new demand barely moves them.

Figure 16 decomposes the 6.50 Me/yr increment. The generation increment is 2.51 Me/yr: 2.04
Me/yr of new utility PV, 0.94 Me/yr of solar water heaters and their tanks, 0.48 Me/yr of additional
grid import, 0.09 Me/yr of refrigeration and lighting equipment and 0.05 Me/yr of home systems,
against which 1.11 Me/yr of avoided diesel is set. The grid extension adds 3.99 Me/yr. Almost two
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thirds of the cost of access is therefore the lines, not the generation.

Figure 16: Decomposition of the annual cost of universal access, from the current system (66.51
Me/yr) to the total including grid extension (73.01 Me/yr). The extension dominates the increment.

One of these components carries a technology choice that the current system does not have.
DEC_SOLAR is blocked in the current system and opened here. Without it, the generation increment
would rise by 0.47 Me/yr (Section 5.7), or about 7 % of the total access cost. The choice of hot
water technology is a real part of the answer, but not a dominant one. In universal sufficiency, where
the collector serves four times as much demand, the effect is much larger.

5.5 Access transition
This scenario has the demand of universal access and the investment rules of the supply transition, as
defined in Section 4.3. The 20,714 households of Sources B and C receive the sufficiency bundle, the
grid-connected households keep their measured demand, and nothing is held fixed.

The generation cost is 47.07 Me/yr. The grid extension of Section 4.9 adds 3.99 Me/yr, which brings
the total to 51.06 Me/yr, or 606 e per household of the region. The supply cost of electricity is 0.18
e/kWh, the same value as the supply transition, since the two scenarios build under the same rules.

End uses receive 219.2 GWh, above universal access and above the supply transition. The grid-
connected households keep a measured demand several times larger than the bundle, and the new
households add the bundle on top of it. Part of the increase also comes from cooking moving onto the
electricity layer, the same effect described in Section 5.3.

Diesel burnt in the region is 40 GWh, against 34 in the supply transition, and emissions rise from
69.0 to 73.6 ktCO2eq per year. The reason is that the cheapest way to serve the hours the solar cannot
cover is to restart the gensets the transition had switched off. Their output rises from 9.3 to 13.4
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GWh. Section 5.8 uses this scenario to measure what that costs, and finds that giving access on a
decarbonised system is more expensive than giving the same access on the diesel system it replaced.

5.6 Universal sufficiency
In this scenario every household of the region receives the same normative service bundle, whether it
is connected today or not. The model is free to build anything, and the sufficiency demand replaces
the measured one for all 84,209 households. The scenario answers a question that no planner can
avoid: what would it cost if every household in the region consumed exactly what the sufficiency
framework defines as a minimum acceptable level of service.

The system supplies 156.3 GWh of electricity, of which 126.2 GWh reaches an end use. This is
less than the 209.6 GWh of the current system, not because fewer people are served but because
the sufficiency bundle consumes less per household than the measured demand of the grid-connected
population.

Utility PV produces 142.2 GWh, or 91 % of the supply. The national grid provides 11.5 GWh to
C1, the only cluster with physical access to it. Diesel gensets produce 2.0 GWh, almost all of it in
C3 and C5, and home systems another 0.6 GWh. The region is therefore 91 % solar in this scenario,
compared with 88 % diesel in the current system. Figure 18 shows the supply by cluster.

The optimiser builds about 95 MW of utility PV, of which 90 MW is new, concentrated in C3 (51
MW), C4 (20 MW) and C5 (20 MW). It pairs this with 147 MWh of lithium-ion storage, 78 MWh
of it in C3, 33 MWh in C4 and 30 MWh in C5. The storage sits where the solar is, since almost no
dispatchable plant is left to cover the evening. This is also the scenario where the operating questions
of Section 5.3 weigh the most, since the diesel fleet runs at 2.0 GWh against 9.3 there and almost no
dispatchable plant remains. The model closes the energy balance, and the frequency and reserve of
such a system remain for the tools of Section 3.3.1.

Figure 17 shows how that system runs over four typical days in C3. Midday solar covers the demand
several times over, and the surplus charges the batteries that carry the evening and the night. On the
one day of the four where the solar resource is weak, the batteries do not reach the evening and the
gensets run instead, in the morning and again after sunset.
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Figure 17: Hourly electricity dispatch in C3 over four typical days, universal sufficiency 2025.
Production sits above the axis and the sinks that are not an end use below it, so the algebraic sum of

the bars equals the demand line at every hour.

C2 barely appears. As a single municipality of 802 households it is too small to justify local PV at
scale, and it draws most of its electricity from C5, 15 km away, through the existing inter-cluster line.
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Figure 18: Electricity supply by cluster and technology, universal sufficiency 2025. Only C1 imports
from the national grid; the imports of C2 and C4 come from neighbouring clusters.

The solar water heater is available in this scenario, and its effect is large. The region needs 71.67
GWh of hot water and the decentralised heat layer produces 75.8 GWh to deliver it, the 4.2 GWh of
difference being the self-discharge of the daily tanks. Of that production the solar collector serves
72.5 GWh (96 %), the electric resistance covers 3.4 GWh (4 %) as backup, and the gas boiler is
negligible. The tank losses are high here because almost all the heat is made in daylight and drawn in
the evening, so nearly everything transits through storage. Figure 19 shows the split by cluster.

The collector fleet also spills what it cannot place. Over the year it curtails 17.94 GWh of heat, a
fifth of what it could have produced, and more than half of that in C3 alone. The tank is a daily one
and the demand is spread evenly over the year, so a collector sized for the hours when the resource is
weak has nowhere to put its output when the resource is strong. Chapter 8 returns to the flat hot water
profile that produces this effect.

The installed collector capacity is about 48 MWth across the five clusters, at a cost of 4.32 Me/yr
in investment and maintenance. This is the third largest cost item of the scenario, behind utility PV
and batteries. The alternative is expensive. Without the collector, the 72.5 GWh of heat would have
to come from electric resistance, and every kilowatt hour of heat would become a kilowatt hour of
electricity that the PV and battery fleet must supply.

Section 5.7 measures what that alternative would cost.
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Figure 19: Water heating by technology and cluster, universal sufficiency. The solar collector serves
96 % of the regional demand; the electric resistance covers the rest.

The generation cost is 31.28 Me/yr. This is less than half of the current system (66.51 Me/yr), even
though it serves 20,714 more households. The non-electric scope accounts for 9.28 Me/yr, or 30 %
of the total, dominated by the solar water heaters and by LPG for cooking. This share is much higher
than in the current system (9 %), because the electricity cost has dropped while the cooking and hot
water costs have not.

The supply cost of electricity is 0.17 e/kWh, and the end-use appliances add less than half a cent
to it, since the technology database charges almost nothing for them. Both figures are far below the
supply cost of the current system (0.33 e/kWh).

Table 28 gives the cost and emissions by cluster.

Table 28: Annual cost and emissions by cluster, universal sufficiency (generation only).

Cost (Me/yr) Emissions (ktCO2eq/yr)

Cluster Investment Maintenance Resources Total Operation Construction

C1 1.15 0.18 1.35 2.68 8.73 0.40

C2 0.25 0.04 0.04 0.33 0.38 0.11

C3 11.49 2.01 2.34 15.84 20.91 5.75

C4 4.88 0.75 0.95 6.58 9.12 2.07

C5 3.97 0.83 1.05 5.85 8.40 2.37

Total 21.74 3.80 5.74 31.28 47.53 10.69
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The cost structure is dominated by investment (69 %), not by fuel (18 %). The three largest items are
utility PV at 10.72 Me/yr, lithium-ion batteries at 8.33 Me/yr and solar water heaters at 4.32 Me/yr.
Together they carry 75 % of the annual cost. LPG for cooking is the largest resource cost at 3.68
Me/yr, ahead of diesel at 1.37 Me/yr. Figure 20 shows the decomposition.

Figure 20: Cost decomposition by cluster (left) and top cost items across the region (right), universal
sufficiency 2025.

The generation cost assumes the grid reaches every household. It does not. Section 4.9 classifies 71
of the 697 communities as dispersed, and the extension to the other 626 costs 37.63 Me of capital,
or 3.99 Me/yr annualised. The total cost of universal sufficiency including the network is therefore
35.27 Me/yr.

Total emissions are 58.2 ktCO2eq per year, of which 47.5 are operational and 10.7 come from the
construction of the new infrastructure. This is 73 % below the current system (217.7 ktCO2eq).
Operational emissions come mainly from cooking and from the residual diesel generation in C3 and
C5. The 10.7 ktCO2eq of construction is the annualised footprint of the new fleet, charged every year
of its lifetime.

The emission database gives a zero construction footprint to the network technologies, so the 3,948
km of new medium-voltage lines carry no embodied carbon in these figures. Chapter 8 reports it.

A system that serves the sufficiency bundle to the entire region costs 35.27 Me/yr, which is 47 % less
than what the current system pays to serve a smaller and unequal demand. Two things change at the
same time, the demand and the supply. The result also depends on one technology that is not standard
in the region, the solar water heater, and Section 5.7 measures how much.
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5.7 The hot water technology lever
One technology carries an unusual weight in universal access and in universal sufficiency. The solar
thermal collector serves 96 % of the domestic hot water in universal sufficiency and 72 % of it in
universal access. It is also the technology whose availability was decided in this work rather than
inherited. It exists in the national catalogue but was never activated in the national runs, and it is
blocked in the current system and in the supply transition because the households of Source A do not
own one today.

A result that rests on a choice like this has to be tested. Two additional runs were produced on the
exact final configuration of universal access and universal sufficiency, with the solar collector blocked
and nothing else changed. The hot water demand does not move, and only the technology allowed to
serve it does, as Table 29 shows.

Table 29: Effect of blocking the solar water heater. Reference runs against sensitivity runs.

Universal access Universal sufficiency

Reference Blocked Reference Blocked

Generation cost (Me/yr) 69.02 69.49 31.28 34.58

Difference +0.47 +3.30

Difference (%) +0.7 +10.6

Solar collector (GWh/yr) 17.2 0 72.5 0

Electric resistance (GWh/yr) 4.2 20.3 3.4 76.0

Electricity consumed by end-use
technologies (GWh/yr)

147.4 163.5 120.1 196.8

Emissions (ktCO2eq/yr) 217.3 218.8 58.2 62.0

Blocking the collector raises the cost of universal access by 0.47 Me/yr, which is under one %. It
raises the cost of universal sufficiency by 3.30 Me/yr, which is nearly eleven %. The difference is
entirely a matter of volume. The collector serves 17.2 GWh of heat in one scenario and 72.5 GWh
in the other, because universal access only equips the households that gain access while universal
sufficiency equips every household of the region.

To put the 3.30 Me/yr in perspective, the grid extension that connects 626 communities costs 3.99
Me/yr. In universal sufficiency, choosing between a solar collector and an electric resistance on the
roof of every house is worth four fifths of the entire medium voltage network. It is a decision of the
same order as whether to build the lines at all.

Heat produced by the sun never touches the electricity layer. Heat produced by a resistance does, one
kilowatt hour for one kilowatt hour. Blocking the collector therefore moves 72.5 GWh of demand
from the heat layer onto the electricity layer in universal sufficiency, and the electricity consumed by
the end-use technologies rises from 120.1 to 196.8 GWh, an increase of 64 %. This figure counts only
what the appliances draw, and it is not the denominator used for the unit costs of Section 5.1, which
also includes the demand served directly from the electricity layer.

That new demand has to be produced. The annualised investment rises by 1.77 Me/yr and the main-
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tenance by 1.12 Me/yr, almost entirely in additional solar panels. The fuel cost moves little, since the
extra diesel is nearly offset by the LPG the system stops burning. What grows is the size of the system
rather than the fuel it burns. Of the 76.8 GWh of additional electricity that the end-use technologies
consume, 72.7 go to the electric resistance and 4.1 to cooking, which the optimiser moves a little
further from LPG to electricity. Figure 21 shows the three effects together.

Figure 21: Effect of blocking the solar water heater in universal access and universal sufficiency:
annual cost, hot water supply by technology, and electricity consumed by the end-use technologies.

Total emissions rise from 58.2 to 62.0 ktCO2eq in universal sufficiency, an increase of 6.5 %. Op-
erational emissions barely move, from 47.5 to 47.3. Construction emissions rise from 10.7 to 14.6,
an increase of 37 %, which is the embodied carbon of the extra panels and batteries. A design that
avoids building infrastructure is therefore cleaner than one that builds more of it, even when the extra
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infrastructure is renewable.

No unit cost is reported for the two sensitivity runs, since their denominators differ from those of the
reference runs.

5.8 Comparing the five 2025 scenarios
The five scenarios differ along two axes. One is the supply, whether the model may build new gen-
eration or only run what already exists. The other is the demand, how much electricity each part of
the population is assumed to need. Table 30 puts them side by side and Figure 24 gives the same
comparison graphically.

Table 30: The five 2025 scenarios side by side. All costs are annual. The supply cost excludes the
grid extension in every column.

Current Supply Universal Access Universal

system transition access transition sufficiency

Households at sufficiency level 0 0 20,714 20,714 84,209

Generation cost (Me/yr) 66.51 42.15 69.02 47.07 31.28

Grid extension (Me/yr) — — 3.99 3.99 3.99

Total cost (Me/yr) 66.51 42.15 73.01 51.06 35.27

Cost per household (e/yr) 790 500 867 606 419

Electricity to end uses (GWh/yr) 176.6 199.8 203.4 219.2 126.2

Supply cost (e/kWh) 0.33 0.18 0.30 0.18 0.17

Diesel burned, all uses (GWh/yr) 512 34 502 40 12

Emissions (ktCO2eq/yr) 217.7 69.0 217.3 73.6 58.2

The cost per household divides the total by the 84,209 households of the region in all five cases, so
that the five figures compare. Cooking is served for every household in every scenario, which is what
makes this denominator the right one. The supply cost excludes the grid extension everywhere, fol-
lowing the convention of Section 5.1, since a line is an infrastructure cost and not a cost of producing
a kilowatt hour. Adding the extension back raises it to 0.32 e/kWh for universal access, and to 0.20
for the access transition and for universal sufficiency.

Figure 22 shows what produces that electricity in each scenario. The investment rule turns the mix
over, from 88 % diesel to about 90 % solar, while the demand definition only changes how much of it
the region needs.
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Figure 22: Annual electricity production by technology in the five 2025 scenarios, in GWh. The two
scenarios that may not invest keep the diesel fleet at its present output.

The generation cost falls by 35.23 Me/yr between the current system and universal sufficiency. Table
31 splits that gap into three steps. Each one changes a single thing and leaves the rest alone. The
three add up to the total exactly, because they are consecutive and share their endpoints, so there is no
residual left to attribute.

Table 31: The gap between the current system and universal sufficiency, decomposed into three
consecutive steps. Generation cost only.

Step What changes Me/yr

Current system to supply transition the supply decarbonises −24.36

Supply transition to access transition Sources B and C reach the bundle +4.92

Access transition to universal sufficiency Source A comes down to the bundle −15.79

Total 66.51 to 31.28 −35.23

Figure 23 draws that decomposition. The two savings dominate it, and the cost of the access is small
against either of them.
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Figure 23: The three steps between the current system and universal sufficiency, generation cost
only. Each bar changes one thing and leaves the rest alone, and the three sum exactly to the 35.23

Me/yr gap.

The first step rebuilds the supply and touches nothing else. No household changes what it consumes.
It saves 24.36 Me/yr, which is 37 % of the annual cost of the current system, and more than the two
other steps combined in absolute value. Section 5.3 describes what the model builds to get there.

Access costs more on a clean system than on a dirty one. The second step gives the sufficiency bundle
to the 20,714 households of Sources B and C. It costs 4.92 Me/yr of generation. The same step
measured against the current system, which is the universal access scenario of Section 5.4, costs 2.51
Me/yr. Same households, same bundle, same lines, and 2.42 Me/yr of difference between the two.

The reason is what the existing diesel fleet is doing in each case. In the current system it runs at
184.9 GWh and carries no capital cost, since the brownfield rule of Equation 8 charges capital only
on capacity built beyond what already exists. It covers the night and the peak for nothing. The access
increment therefore only has to buy energy, and 2.04 Me/yr of new utility solar is enough. It even
displaces a little household diesel, so the fuel bill falls by 1.11 Me/yr.

In the supply transition the same fleet is still installed but almost idle, at 9.3 GWh. When the new
demand arrives, the cheapest way to serve the hours that solar cannot reach is to run those engines
again. Their output rises to 13.4 GWh, and the diesel burnt in the region rises from 34 to 40 GWh.
The model also adds 16 MWh of lithium-ion storage, where the same step on the current system adds
none at all.

The emissions do not follow the same logic. Access on the current system leaves them where they
are, 217.7 against 217.3 ktCO2eq per year, since the home diesel it displaces offsets what the new
demand adds. Access on the decarbonised system adds 4.6, from 69.0 to 73.6, and most of that
increase is operational rather than embodied. Connecting households to a clean system is not carbon
free, because part of the marginal supply comes back from the engines the transition had switched
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off.

The third step brings Source A down to the same bundle as everyone else. It saves 15.79 Me/yr, which
is more than three times the cost of the access and almost four times the grid extension. Sufficiency is
not only a floor under the households that have too little. It is also a ceiling over those that consume
more than the bundle, Cobija in particular, and the ceiling is worth far more than the floor costs.
Section 5.6 gives the resulting system.

One small effect is folded into this step. Universal sufficiency opens six inter-cluster exchange pairs
where the other scenarios open three, so the exchange topology is not identical on both sides of the
comparison. The entire HVAC line cost of the access transition is 0.24 Me/yr, so the difference in
topology can be worth at most a few hundredths of a million against the 15.79. It is reported rather
than corrected.

Figure 25 places the five scenarios on a cost against emissions plane, and the emissions axis splits
them into two groups with nothing in between. The two scenarios in which the existing plants cannot
be replaced sit at 217 ktCO2eq per year. The three in which the model may invest freely sit between
58 and 74. Emissions are decided by one thing only, whether the supply may be rebuilt, and the
demand assumption barely moves them.

Cost behaves differently. It varies inside each group, and there it is the demand that drives it: 66.51
against 73.01 Me/yr in the diesel group, and 35.27 against 51.06 in the solar group. There is no trade
off between affordability and decarbonisation in this region, but there is no coupling either. The two
objectives respond to two different decisions.

Universal access is the clearest illustration. It sits above the current system in cost and level with it
in emissions. That is what the scenario was built to show. Connecting the households that have no
electricity does not clean up the system, because the system is dirty for a reason that has nothing to
do with them. The 20,714 new households add 15 % to the regional electricity demand, while the
existing diesel fleet that produces 88 % of the electricity stays exactly as it is.
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Figure 24: The five 2025 scenarios compared: annual cost split between generation and grid
extension, electricity delivered to end uses, and greenhouse gas emissions split between operation

and construction.
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Figure 25: Annual cost against greenhouse gas emissions for the five 2025 scenarios. Marker size is
proportional to the number of households served at the sufficiency level.

C3 and C5 carry between 69 and 82 % of the regional cost in every scenario. They host the two large
isolated diesel systems, Riberalta with Guayaramerín on one side and Cobija on the other. Every euro
of the supply saving is made there. C1 is the exception. It draws on the national grid, has no local
plant to replace, and its cost is identical to the fourth decimal between the current system and the
supply transition.

The five scenarios do not deliver the same basket of services, so their unit costs are not fully compa-
rable. Cooking is electrified in the supply transition (20.0 GWh), in the access transition (19.5 GWh)
and in universal sufficiency (17.7 GWh), and not at all in the current system or in universal access.
A scenario that moves a service onto the electricity layer raises its own denominator without serving
anyone better. The unit costs of Table 30 should therefore be read as an order of magnitude, not as a
like for like ranking. The total annual cost, which covers every energy service in every scenario, is
the safer comparison.

5.9 Results for 2035 and 2050
This section reports the seven runs defined in Section 4.10.5. One difference with the five scenarios
above governs the whole reading: a household that gains access here becomes an ordinary connected
household and consumes at the observed rate, instead of receiving the normative sufficiency bundle.
Two pairs carry the reading. Diesel only and Access in 2050 serve the same households at each
horizon, so the pair gives the price of the supply rule. Access in 2035 and Access in 2050 follow the
same supply rule, so the pair gives the price of the calendar. All costs are reconstructed as defined in
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Section 3.6.4, and none of them includes the grid extension. Table 32 gives the seven runs.

Table 32: The seven projection runs. The emissions of the import scenario use the central emission
factor discussed below.

Horizon Scenario Cost Emissions Diesel

(Me/yr) (ktCO2eq/yr) (GWh/yr)

2035 Diesel only 89.45 286.8 689

2035 Access in 2050 44.06 76.7 20

2035 Access in 2035 49.29 81.1 23

2050 Diesel only 123.41 380.7 945

2050 Access in 2050 52.57 89.0 19

2050 Access in 2035 52.96 89.1 19

2050 Access in 2035 with import 44.23 81.3 0

5.9.1 The cost of a locked supply

Keeping the present supply costs 45.39 Me/yr more in 2035, and 70.85 Me/yr more in 2050. That
is the distance between Diesel only and Access in 2050. The two serve the same households with the
same demand. They differ only in whether the model may invest. The gap grows by 56 % between
the two horizons.

The emissions go the same way. Investing avoids 210.1 ktCO2eq per year in 2035 and 291.7 in 2050.
Diesel only burns 689 GWh of fuel in 2035 and 945 in 2050, against 20 and 19 for the trajectory that
invests.

Diesel only pays for fuel and for almost nothing else. On the electric scope it pays 77.8 Me/yr of
resources in 2035, against 4.3 Me/yr of investment and maintenance. In 2050 it pays 107.0 against
5.4. Figure 26 gives the same picture for the seven runs.
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Figure 26: Annual cost of the seven projection runs, split between investment, maintenance and
resources. The hatched part of the investment is the capacity inherited from 2035 and charged again

at its own cost, as described in Section 3.6.4. Grid extension is excluded.

5.9.2 The price of the calendar

Access in 2035 and Access in 2050 differ by 5.23 Me/yr at the 2035 horizon, and by 0.396 Me/yr at
the 2050 one.

At 2035 the two do not serve the same people. Access in 2035 has connected everyone and Access in
2050 has not, so Access in 2050 also delivers less electricity, 278 GWh against 314. The 5.23 Me/yr
buys a higher level of service at the same time as it costs more.

At 2050 the two are the same system. They hold the same households, the same split between the
three sources and the same demand.

The two calendars also differ in what they deliver in between. The number of households with elec-
tricity is known in 2024, 2035 and 2050, and a linear interpolation between those three points gives a
value for every year. Summed from 2025 to 2050, Access in 2035 delivers 2,648,871 household-years
of access and Access in 2050 delivers 2,566,077. The difference is 82,793 household-years.

The lines are left out of these costs, and what that hides can be bounded. At 2035 Access in 2035 has
built the whole network, 4.19 Me/yr. Access in 2050 has built only the lines that reach the households
connected by then, and the spatial layer does not price that partial network. The lines therefore add
between zero and 4.19 Me/yr to the cost of arriving early, so the 5.23 Me/yr is a lower bound of that
cost. At 2050 both have built the same network.

5.9.3 What the model builds

At 2035 the two trajectories build the same kind of system and differ in its size. Access in 2035
installs 265 MW of utility solar and Access in 2050 installs 236 MW, producing 357 and 319 GWh.
Lithium storage follows the solar, at 348 and 309 MWh. The old diesel fleet stays installed in both
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and hardly runs, at 7.8 and 6.6 GWh against the 185 GWh it delivers in 2025. Diesel only builds
nothing at all, and its 88 MW of engines produce 252 GWh.

At 2050 the two trajectories end on the same fleet. Both install about 330 MW of utility solar pro-
ducing 434 GWh, both hold 412 MWh of storage, and both keep under 8 MW of diesel running 6.4
GWh. The two solar fleets differ by 1 MW on 330.

The 0.396 Me/yr between them comes from one thing. Access in 2035 built 265 MW of that solar
fifteen years earlier, against 236 MW for Access in 2050. Those 29 MW were bought at the 2035
price and not at the 2050 one, which is 56.15 against 42.86 e/kW of annualised investment. The
product is 0.38 Me/yr, so almost the whole gap. Figure 27 shows the two paths and where they meet.

Figure 27: Regional utility solar capacity at the three horizons. The two access calendars end on the
same fleet in 2050. The import scenario starts from the 2035 fleet of Access in 2035 and builds

nothing on top of it.

Diesel only in 2050 holds 55.6 MW of diesel, no solar and no storage. It produces 346 GWh, and the
region burns 945 GWh of fuel. Its capacity is smaller than the 88 MW of 2035 and its output larger,
so the engines run much closer to their annual ceiling.

5.9.4 The Brazilian import

The last run gives the region access to Brazilian electricity in 2050, at the wholesale price of Section
4.8.1. It imports 113.8 GWh, 76.3 into C3 and 37.5 into C5, and pays 6.75 Me/yr for it. The annual
cost falls from 52.96 to 44.23 Me/yr, a saving of 8.74 Me/yr or 16.5 %. Utility diesel disappears,
and the only fuel left in the region is burnt by household generators.

The import replaces storage more than solar. The lithium fleet falls from 412 to 144 MWh, so nearly
two thirds of it goes. The solar fleet falls from 330 to 263 MW, and that fleet is the one built in 2035:
the model keeps what it inherits and adds no new panel. Electricity that arrives at every hour of the
year does what a battery does, and nobody has to build it.
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The emission factor of that electricity is not fixed by anything. The greenhouse gas limit of the
model does not bind, so the factor never enters the optimisation, and the emissions can be recomputed
afterwards on the imported energy. Three values are used. The central one, 0.0385 ktCO2eq/GWh,
is the operational factor of the Brazilian system published for 2023. The upper one, 0.2065, is the
generic mix of the national catalogue. The lower one, 0.002, is Jirau and Santo Antonio without
reservoir emissions. None of the three is a full life cycle factor.

Table 33: Regional emissions of the import scenario in 2050, in ktCO2eq/yr, under three emission
factors and three volumes of Brazilian electricity. Access in 2035 without the import emits 89.1.

Imported Emission factor (ktCO2eq/GWh)

(GWh/yr) 0.002 0.0385 0.2065

92.3 78.8 82.2 97.7

113.8 77.2 81.3 100.5

185.7 72.1 78.9 110.1

Table 33 recomputes the regional emissions under the three factors, and the sign of the result changes
with the factor. Under the catalogue factor the import makes the region dirtier, and importing more
makes it worse: 97.7 at the lowest volume and 110.1 at the highest, against 89.1 with no import at all.
Under the central factor the ranking turns over, and importing more makes the region cleaner: 82.2
falls to 78.9. The cost of the import is settled and its carbon balance is not.

5.9.5 Sensitivity of the 2050 results

Eight variants were run on the 2050 configurations. Each one changes a single assumption. Table 34
gives what each does to the annual cost.

Table 34: Sensitivity of the 2050 results. Each line is the change in annual cost against the central
run of the same scenario.

Scenario Variant Change (Me/yr)

Diesel only diesel life of 20 years instead of 30 +0.24

Import price of 0.03 instead of 0.0593 Me/GWh −4.22

Import price of 0.09 instead of 0.0593 Me/GWh +4.16

Import availability of 92.3 instead of 113.8 GWh/yr +0.61

Import availability of 185.7 instead of 113.8 GWh/yr −1.14

Access in 2050 storage maintenance at 2.5 % of capital per year +4.11

Access in 2035 solar water heater blocked +0.16

Access in 2050 solar water heater blocked +0.15

The life of the diesel fleet carries nothing. Cutting it from thirty to twenty years costs 0.24 Me/yr
in the scenario where diesel does all the work. The capacity, the dispatch and the emissions stay the
same, and only the annuity moves.
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The import wins even at a higher price. At 0.09 Me/GWh it still costs 48.4 Me/yr against 52.96
without it. The price sweep is almost symmetric, −4.22 and +4.16 Me/yr, because the model takes
the whole volume it is offered whatever the price. What decides here is the volume allowed, not
the arbitrage between two prices. That sweep also moves the price of every external electricity, the
national grid included, since the parameter carries no regional dimension. That side effect works
against the import and not for it. Raising the volume matters less on the cost, since offering 185.7
GWh instead of 113.8 saves 1.14 Me/yr. It matters on the fleet. The model takes every kilowatt hour
it is offered in the three variants, the solar capacity stays at 263 MW in all of them, and only the
battery moves: 199 MWh at the lowest volume, 144 at the central one, and none at all at the highest.
The import and the storage are two ways of buying the same service.

The maintenance of the storage is the one variant that moves a headline figure. The catalogue charges
0.66 e/kWh a year to maintain utility lithium storage, which is 0.16 % of its capital cost, where the
baseline used for the cost ratios of this work puts that figure at 2.5 % [34]. The baseline rule adds
4.11 Me/yr to Access in 2050, or 7.8 % of its annual cost, and the optimiser pays almost all of it
instead of avoiding it. Diesel only holds no storage and does not move, so the cost of a locked supply
falls from 70.85 to 66.74 Me/yr, a reduction of six %. The bias is one-sided, since every scenario
that builds storage comes out low while the current system and Diesel only do not, so rebuilding the
supply looks cheaper than it is against keeping it.

Blocking the solar water heater costs 0.16 Me/yr in 2050 under Access in 2035 and 0.15 under
Access in 2050, three tenths of a % in both. The same test on universal sufficiency in 2025 costs 3.30
Me/yr, or 10.6 %. The collector fleet of 2050 is 2 MWth against 48 in universal sufficiency, and the
electric resistance already produces 6.2 GWh of heat there against 3.2 for the collector. The switch
has happened before the test is run. Section 6.5 reads that collapse and Chapter 8 says what causes it.

Figure 28 places the three trajectories on one pair of axes, starting from the current system of 2025.
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Figure 28: Annual cost and emissions of the three trajectories, anchored on the current system of
2025. Only the vertical gaps at a fixed horizon are compared, since the slope between two horizons

mixes several changes at once. The import point uses the central emission factor.

6 Discussion
Chapter 5 reports what the model finds. This chapter reads those findings from the point of view of
someone who has to decide, and it states what the model does not settle. It follows the order of the
decisions themselves: what to do first, where to do it, who pays for it, whether to buy electricity from
Brazil, and what the cheapest system depends on. A last section says which of these results would
hold in another region.

6.1 Rebuilding the supply comes first, and the order has a price
The three steps of Table 31 rank the levers without ambiguity. Rebuilding the supply saves 24.36
Me/yr and no household changes what it consumes. Giving the sufficiency bundle to the households
that have nothing costs 4.92 Me/yr. Bringing the connected households down to the same bundle
saves 15.79 Me/yr. The supply lever is the largest, it is the only one that requires nothing of the
population, and it is the one a public operator can decide on its own.

Waiting makes it worse. Keeping the present supply costs 45.39 Me/yr more than rebuilding it in
2035, and 70.85 Me/yr more in 2050. The gap grows with the demand, because a locked supply pays
for every additional kilowatt hour in fuel. Between the two horizons the resource cost of Diesel only
rises from 77.8 to 107.0 Me/yr, while its investment and maintenance, the renewed engines included,
rise from 4.3 to 5.4. Every year of delay is therefore paid in fuel, and the fuel bill grows with the
region.
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One of the three steps is easy to misread. Bringing the connected households down to the bundle
measures a distance. It does not propose to cap anyone. What it shows is that the level of service
assumed for the connected households drives the cost more than the access does.

The order itself also carries a cost. The same access costs 4.92 Me/yr once the supply has been
rebuilt and 2.51 Me/yr on the diesel system of today. The reason is in Section 5.8: the old fleet is
fully written off, it runs at night, and it firms the system at no capital cost. A planner should read that
as an asset with an expiry date. The firming is free only as long as the engines are still turning and
still amortised, and both stop being true during the period this thesis covers.

That does not reverse the ranking. The supply lever saves 24.36 Me/yr and the penalty it creates is
2.42 Me/yr, ten times less. What it changes is the budgeting. If the connections are planned after the
diesel fleet has been switched off, part of their cost is firming that nobody had to pay for before, and it
appears as batteries or as restarted engines rather than as lines. The cost of the access therefore cannot
be budgeted on its own, since it depends on the state of the supply at the moment the connections are
made. The model cannot arbitrate between the two orders, because it optimises each year on its own
and never prices a sequence.

6.2 The cost and the access are not in the same municipalities
C3 and C5 carry between 69 and 82 % of the regional cost in every scenario, because Riberalta, Gua-
yaramerín and Cobija are where the diesel is burnt. The households without a supply are somewhere
else. Nearly half of the households of C4 have no public service, and C1 is in the same position. C5
is already 96 % connected.

The two programmes therefore do not compete for the same territory, and they are not the same kind
of investment either. Rebuilding the supply is a few large sites in two clusters, and more than half of
the saving is made in C3 alone. Reaching the unconnected households is 3,948 km of medium voltage
line towards 626 scattered communities, and its cost is spread across the region. One is concentrated
and one is dispersed, so they can run in parallel and the delay of one does not block the other. Another
region with a different geography would not necessarily allow this.

The demography adds a rule that is easy to get wrong. The number of households of the region
grows by 42.7 % by 2050 while the population grows by 20.0 %. Five municipalities lost inhabitants
between 2012 and 2024 and gained households anyway, and they hold a fifth of the households of the
region. Connections follow households, so a municipality that is losing people is not a municipality
that can be deprioritised. Any programme sized on population projections will undercount what it has
to build.

6.3 The thesis prices the system, not the bill
Every cost in this thesis is a system cost. It is what the region consumes in fuel, capital and mainte-
nance, and it is not what anyone actually pays. Two gaps separate the two. The model buys diesel
at its border price of 0.1113 Me/GWh, while the pump price in Bolivia is about half of that, and
Section 4.8.1 explains that the cost of hauling fuel to the Amazon partly closes the difference without
measuring by how much. The supply cost of the current system is 0.33 e/kWh.

The first gap can be bounded with the numbers of Chapter 5. The current system burns 512 GWh of
diesel a year and the supply transition burns 34. Valued at the pump price, the fuel bill of the first
falls by about 29 Me/yr and the fuel bill of the second by about 2. The 24.36 Me/yr that the supply
transition saves therefore disappear before the supply is even re-optimised for the cheaper fuel. The
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saving is real for the country, which imports the diesel and pays the difference between the two prices,
and it is invisible to the utility, which buys at the pump. Those 29 Me/yr are an upper bound of what
the subsidy costs the state in this region alone, since part of the gap between the two prices is the cost
of hauling the fuel and not a subsidy. Even halved, that figure is more than twice the cost of universal
access. Both gaps say the same thing: part of what the present system costs is paid outside the region.

That matters for the transition, because it changes shape rather than size. The current system pays
62.80 Me/yr of resources and almost no capital. The supply transition pays 28.49 Me/yr of annu-
alised investment and almost no fuel. The second is cheaper in total, but it has to be financed before
the first euro of fuel is saved, and a recurring fuel bill and a capital requirement are not funded by the
same institutions.

The orders of magnitude are not out of reach. The IDTR III programme commits 148 million USD to
about 25,000 grid connections and 9,000 solar home systems nationally, and closes in 2030 [61]. The
37.63 Me of medium voltage line that this region needs is a fraction of that. At national level about
60,000 households are connected each year [81], so the 20,714 households of Sources B and C are
about four months of the national effort, spread over a region that holds under three % of the country.
Nothing here says the money is unavailable. What it says is that the constraint is not the total.

This thesis does not say who pays, at what tariff, or through which instrument. That question is the
real difference between the present system and the transition, and it is outside the model rather than
inside it.

6.4 The Brazilian import is cheap, and everything else about it is undecided
Buying 113.8 GWh from Brazil in 2050 removes 8.74 Me/yr from the annual cost, which is 16.5 %.
It survives its own price: at 0.09 Me/GWh, half again above the wholesale price used, the import still
wins. On cost alone the case is not close.

What the import replaces matters more than what it saves. The solar fleet falls by a fifth, but the
lithium fleet falls from 412 to 144 MWh. Electricity available at every hour of the year does what a
battery does, and it does it without being built. The interconnection decision and the storage decision
are therefore the same decision, taken years apart. The region cannot size its storage correctly without
knowing whether the line will arrive, and 268 MWh of lithium is what the answer is worth in this
scenario. Offering more makes the point sharper still: at 185.7 GWh the model builds no battery at
all.

That exposure is visible here because the model has no foresight. It invests in 2035 as if the line would
never come, and the interconnection then arrives in 2050 into a system built without it. The whole
solar fleet of 2035 stays standing and none of it is added to. Placing the import in 2050 makes this
the mildest version of the problem, since that fleet has fifteen years of undisturbed operation first. An
interconnection that arrived between the two horizons would strand the same fleet with fewer years
of use behind it. That case is not run here.

What the line strands is the storage more than the panels. In the import scenario the model keeps 263
of the 330 MW of utility solar in service and retires two thirds of the batteries. Whether it would build
that solar from scratch with the import already available is not tested here, since the panels it keeps
are inherited from 2035. Two facts still hold. Solar is cheaper than the diesel it replaces today, at
the border price, and the national grid has been announced for this region since 2012 without a date.
Waiting for a line before building panels is what the region has done for more than a decade, and the
diesel bill is what it has cost. The decision that should wait for the line is the size of the storage, not
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the panels.

The carbon result does not follow the cost result. The region emits 81.3 ktCO2eq per year under the
operational factor of the Brazilian system and 100.5 under the generic catalogue factor, against 89.1
with no import at all. The import can therefore make the region cleaner or dirtier, and which one it
does depends on where the electricity comes from. Nothing secures that origin. The 2024 memoran-
dum is a framework with no volume, no price, no date and no duration [36], and the loan proposal
describes a purchase made on the Brazilian open contracting market, where public and private sup-
pliers trade alike [37]. Neither document names a plant, so the hydropower usually cited in the public
discussion is not reserved to anyone.

Two consequences follow for a planner. An import contract that specifies an origin is worth something
that this thesis can price, and one that does not is worth nothing on the carbon axis. A region that
covers a large share of its supply from a neighbour with no contract has taken on a dependency that
a cost model does not see. This model resolves cost and energy balances, not security of supply, so
nothing here says what happens to Riberalta or Cobija on a day when the line is unavailable.

The domestic alternative to the interconnection is also still open. The extension of the national grid
towards Pando has been in pre-investment since 2012 with no financing secured and no construction
started [35]. Neither route has a date, and the region has been planning around both for more than a
decade.

6.5 The cheapest system needs a solar collector on every roof
The universal sufficiency result rests on one technology more than on any other. Blocking the solar
water heater raises the annual cost by 3.30 Me/yr, which is four fifths of the 3.99 Me/yr that the
entire medium voltage network costs.

The technology itself is not in doubt in this climate. A thermosiphon delivered hot water on more
than nine days out of ten in a Manaus field trial [65], a Bolivian supply chain existed under the El
Sol project [66], and Brazilian social housing has been equipping roofs with collectors at scale for
years [67]. What none of that establishes is a deployment of the size this scenario implies, which is a
collector on essentially every roof of 21 municipalities. The cost of that deployment is in the model.
The installers, the spare parts and the maintenance network are not.

This lever is easier to act on than any other in this thesis, because it does not depend on the grid. A
dispersed household with a standalone system needs the same collector as a connected one, which is
why the collector cancels out of the breakeven of Section 4.9.2. Every other lever waits for a line or
for a power plant. This one can start now in any municipality, and it reduces the electricity the system
has to build later.

The result should not be read past 2025. Section 5.9 shows the same test costing 0.16 Me/yr in 2050.
Two things cause that collapse. The projections carry a hot water demand eight times smaller, so the
collector fleet is 2 MWth instead of 48. Photovoltaic capital also falls to 46 percent of its value by
2050 while the collector keeps its 2025 price for want of a source. The 2050 figure says nothing about
solar thermal collectors and Chapter 8 reports it as such.

6.6 What would hold in another region
The methodological contribution is the most portable part of this work. The absolute bounds on
annual production of Section 3.4 are needed wherever one population must stay exactly as it is while
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another is served, which is the normal shape of an access question. Nothing in them is specific to
Bolivia or to this model.

Two results depend on conditions that are common but not universal. Access costing more on a
decarbonised system than on the system it replaces requires a thermal fleet that is written off and still
running, which describes most isolated regions of the Global South today and fewer of them as those
fleets retire. The separation of the population into three groups requires a census that records the
source of electricity rather than its presence, which many do and Bolivia does since 2012.

One result does not transpose. The sufficiency ceiling is worth more than the access floor here because
the region is very unequal inside itself. In a region where every household consumes about the same,
capping the demand of the connected ones releases nothing, and the ranking of the three steps would
change. What transfers is the decomposition itself, and each region has to compute its own numbers.

The resolution is a result of its own. A national model represents the rural lowlands of Bolivia as
one block and concludes that standalone systems are the near-term solution for dispersed households
[3]. At municipal resolution the answer splits: 626 of the 697 communities of this region are cheaper
to reach with a line today and 71 are not, and the dispersed ones sit almost entirely in C1 and C4.
Whether a community is better served by a line or by a solar home system depends on that community,
and it can only be seen at a resolution where communities exist.

7 Conclusion
This thesis measures the cost and the emissions of alternative energy transition pathways towards
universal access to electricity in the Bolivian Northern Amazon. Most of what a planner needs did
not exist and had to be built first. RAMP, a stochastic model, produced the demand of the households
that no meter records. EnergyScope MultiCell, a linear optimisation of the whole energy system,
sized the supply that serves it. A spatial layer classified the 697 communities of the region between a
line extension and a standalone system. Five scenarios cover 2025, and seven further runs cover 2035
and 2050.

Three steps separate the system the region operates today, at 66.51 Me/yr, from one that gives every
household the sufficiency bundle, at 31.28. Replacing diesel generation with utility solar and storage
saves 24.36 Me/yr, 37 percent of the annual cost, and no household changes what it consumes.
Serving the 20,714 households that are badly served or not served at all then costs 4.92 Me/yr.
Bringing the households that are already connected down to the same bundle saves another 15.79
Me/yr, because those households consume more than the bundle today. The supply is therefore the
largest lever, and the only one that asks nothing of the population. The level of service assumed
for the connected households is the second largest, three times heavier than access. The comparison
measures a distance between two assumptions and recommends capping no one.

The generation optimum does not see all of that cost. EnergyScope assumes that every household can
already be reached, so the price of reaching it is invisible to the model. The spatial layer supplies
it: 626 of the 697 communities are cheaper to reach with a medium voltage line than to equip with
a standalone system, and those lines cost 3.99 Me/yr, annualised over thirty years. Universal access
therefore costs 6.50 Me/yr more than the current system, and only 2.51 of that is generation. The
price of access also depends on the supply it is added to: on a supply already rebuilt with solar, the
same access costs 4.92 Me/yr of generation instead of 2.51, because the old engines are already paid
for and cover the night today.

The emissions answer is simpler. The two scenarios that keep the diesel plants emit around 217
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ktCO2eq per year, and the three that replace them emit between 58 and 74, although the demand
they serve differs widely. Giving access without touching the plants leaves emissions at 217.3 against
217.7, because the new demand is served by new solar. Emissions depend on whether the plants are
replaced, and on almost nothing else. The projections then price two decisions. The first is whether
the region invests at all. By 2035 the annual cost of a region that keeps its diesel plants exceeds
that of one that rebuilds its supply by 45.39 Me/yr, and by 2050 by 70.85, because the demand
grows. The second is the year in which every household is reached. Two trajectories were run, one
reaching universal access in 2035 and the other in 2050. Both end on the same fleet, about 330 MW
of utility solar, and arriving early costs 5.23 Me/yr more in 2035 and 0.396 more in 2050. Cost does
not decide the pace. The rate at which lines can be built does, about 372 km a year to reach every
connectable community by 2035, half of what ENDE reports building across four departments in its
best documented year.

Three recommendations follow. Rebuilding the supply comes first: it is the largest saving, the largest
emission cut, and the only lever a public operator can pull without changing anything in a house-
hold. The access programme should be planned together with the supply and not after it, because
the two reach different municipalities and do not compete for the same sites, and because connecting
households while the amortised engines still cover the night costs less than buying that night-time
supply again later. Finally, no decision on storage should be taken without a position on the Brazilian
interconnection: an import available at every hour covers the same hours a battery would, and buying
113.8 GWh in 2050 removes 268 MWh of battery storage and 8.74 Me/yr from the optimal system.

Two things in this work are reusable beyond the region. EnergyScope MultiCell could only bound a
technology as a share of a quantity the optimiser itself decides. That fails as soon as one population
must stay unchanged while another is served. The floor and the ceiling on annual production added
here remove that limit. And the comparison itself has no precedent on one territory: the sufficiency
literature carries no measured counterfactual, and building both here makes the three steps add up
exactly. These numbers still have limits. They are system costs. They say what the region consumes
in fuel, capital and maintenance, and not who pays for it: at the subsidised pump price the saving of
the supply transition accrues to the state and not to the utility. The model balances energy and cost,
not frequency or reserve. The cheapest system also assumes a solar collector on almost every roof,
proven in this climate but never deployed here at that scale. What the region can do is nonetheless
clear: it can serve every one of its households, including the 20,714 that are served badly or not at all,
with a system that costs less than the one it operates today and emits a quarter as much.

8 Limitations and future work
The limitations of this work are stated where they arise, next to the choice or the input that carries
them. This chapter keeps the ones that weigh most on the results, and says for each what it does to
the numbers.

Some limits come from the model itself. Every consumer of a cluster draws from one shared elec-
tricity layer. The production bounds added in this work fix how much energy a home system delivers
over the year, but not which household receives it, so every statement about home systems concerns
volumes and not topology. The model also closes an energy balance and nothing else. The year is
reduced to 16 typical days and storage returns to its starting level at the end of each day, so a week
without sun does not exist in the model, and nothing here concerns frequency or reserve. Both sim-
plifications work in the same direction: the systems that rebuild the supply come out smaller and
cheaper than a system built to a reliability standard would. Domestic hot water has no hourly profile,
which favours the solar collector against the electric resistance. Finally, the spatial layer knows two
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options, a line or a household system. The village mini-grid, the option the Bolivian literature has
studied most, is absent, and part of the 71 dispersed communities would be served differently with it.

Other limits come from the data. The duty cycle of the refrigerator is the assumption the results are
most sensitive to, and almost no data exists behind it: those refrigerators draw two thirds of everything
delivered to an end use in universal sufficiency. The connected households have no measured load
curve, so the shape of 98 percent of the regional demand is borrowed from the 2 percent that RAMP
models directly. The technology catalogue also charges 0.16 percent of the capital cost per year to
maintain utility storage, where the NREL baseline used for the cost projections of this work puts
that figure at 2.5 percent. The catalogue value was kept, because every technology of the model
comes from the same database and rebasing one parameter alone would have meant rerunning every
scenario. The gap is worth 4.11 Me/yr on one scenario, and it makes every system that builds storage
look cheaper than it is.

Two further biases have a known direction. The network technologies carry no construction emissions
in the database. The solar panels and the batteries do carry theirs, but the 3,948 km of medium
voltage line, the inter-cluster lines and the hot water tanks carry none, so every scenario that connects
households emits more than reported here. The solar collector keeps its 2025 price while photovoltaic
capital falls by half, because no source gives its decline. This is why the water heating lever collapses
between 2025 and 2050, and that collapse says nothing about the technology itself.

8.1 Future work
The work carried out in this thesis could be extended in several ways.

• The two weakest assumptions of the demand side could both be replaced by measurement. A
campaign on a few dozen refrigerators would give the duty cycle that sizes the whole system,
and a recorded load curve on one isolated system would give the shape that is currently bor-
rowed from the off-grid households.

• The dispersion constraint could be repaired. An alternative form already sits in the model
code, commented out, with the exchange terms in its denominator, and testing it removes the
weakness that leaves the constraint inert in any importing cluster.

• The Brazilian import is modelled at a single date and without foresight, so the region invests
in 2035 as if the line would never come. Running the import at several dates, with the 2035
decision anticipating it, would separate the cost of the import from the cost of being surprised
by it, and the 268 MWh of storage it makes useless is a lower bound on that effect.

• A systematic sensitivity analysis could replace the handful of levers tested here. The discount
rate, the diesel price and the rating of the household generators deserve it most, and a robust
formulation, which optimises against a range of futures rather than a single one, is the natural
step after that.

• Full sector coupling, adding transport and industry to the power to heat coupling already
present, would let the region be analysed as an energy system and not as an electricity sys-
tem with a heat layer attached.
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Appendices

A Clustering details

Table 35: Variables used for municipality clustering.

Variable Description Source

Population density Inhabitants per km2 Census 2024 [1]

GDP per capita USD/person Andersen et al. [5]

Cp_PV PV capacity factor Renewables Ninja [42, 82]

Cp_Wind Wind capacity factor Renewables Ninja [42, 83]

Temperature Annual mean (°C) Renewables Ninja [42]

Altitude Metres above sea level SRTM DEM [84]

Relative humidity Annual mean (%) ERA5 reanalysis [85]

Num. vehicles (Cars + motorcycles) / population Census 2024 [1]

EL_network Binary: SIN physically present Geoportal [38]

FG_network Binary: gas pipeline present ANH [39]

EL_demand Measured consumption (MWh/pers/yr) Andersen et al. [5]

Figure 29: Normalised weights of the twelve clustering variables, from the seven survey responses.
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Table 36: Survey results: importance scores assigned by seven participants (P1–P7) and resulting
normalised weights.

Variable P1 P2 P3 P4 P5 P6 P7 Weight

EL_network_access 15 13 30 10 20 25 12 0.179

FG_network_access 10 9 10 5 20 25 10 0.127

EL_demand 10 10 5 7 10 6 1 0.070

Population density 10 13 10 15 10 10 18 0.123

GDP per capita 5 9 20 5 10 5 12 0.094

Vehicles per capita 5 9 5 5 5 5 6 0.057

Cp_Wind 10 7 0 5 5 5 6 0.054

Cp_PV 10 5 0 10 5 7.5 2 0.056

Altitude 3 4 5 10 2 1.5 5 0.044

Temperature 4 2 5 5 2 2.5 1 0.031

Relative humidity 3 3 5 10 1 1.5 4 0.039

Geographic distance (α) 15 16 5 13 10 6 23 0.126

Figure 30: Cluster selection metrics for k = 2 to k = 21.

B Demand inputs and RAMP profiles
The sufficiency demand was generated for all 21 municipalities. Two of them are shown here to
illustrate the outputs, Santos Mercado with 601 households and Ixiamas with 3,306.

Figure 31 gives the full year demand of Santos Mercado, stacked by sector. Households dominate all
year. The contribution of the income generating activities, which includes rice processing, is visible
in summer and fall and disappears in winter and spring. Community services form a thin constant
layer. The slight rise in household demand during winter and spring comes from the longer fan usage
times of those seasons, calibrated in Section 4.5.1.
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Table 37: Infrastructure allocation rules for the BNA (sufficiency demand). n is total_persons and
hh is total_hh.

Infrastructure Rule Total (21 mun.)

School (big_school) max(1, n//5,000) 62

Health centre max(1, n//5,000) 62

Public lighting hh//10 8,412

Store max(1, hh//30) 2,796

Restaurant max(1, hh//30) 2,796

Workshop max(1, hh//60) 1,393

Entert. business max(1, hh//60) 1,393

Rice processing max(1, hh//200) 413

Table 38: Household-level appliance inputs for the sufficiency demand.

End-use Appliances Seasonal behaviour

Lighting LED interior + exterior Shorter use in summer,
longer in winter

ICT 1 TV, 1 radio (3 W), 1 laptop, 4
phone chargers

No seasonal variation

Cold storage 1 refrigerator Higher duty cycle in warm
seasons

Thermal comfort 1 fan per household All 4 seasons; per-
municipality calibration
(Sec. 4.5.1)

Water heating Electric, groundwater temp.
model

Higher demand in colder
months

Figure 31: Full year community demand for Santos Mercado, stacked by sector.
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Table 39: Rice processing equipment specifications.

Equipment Power (W) Daily use (min)

Rice dryer 2,500 480

Rice huller 2,000 300

Rice polisher 1,500 300

Sorter/grader 1,000 300

Packaging 400 180

Table 40: Mapping of RAMP output categories to EnergyScope demand parameters.

RAMP category EnergyScope parameter Sector

Illumination (all) LIGHTING_R_C HOUSEHOLDS /
SERVICES

Public lighting LIGHTING_P PUBLIC_LIGHTING

ICT, water supply, medical
equip.

ELECTRICITY HOUSEHOLDS /
SERVICES

Cold storage (all) FOOD_PRESERVATION HOUSEHOLDS /
SERVICES

Thermal comfort (fans, AC) SPACE_COOLING HOUSEHOLDS /
SERVICES

Water heating (households,
health centres)

HEAT_LOW_T_HW HOUSEHOLDS /
SERVICES

Kitchen (restaurants) COOKING SERVICES

Workshop machinery MECH._ENERGY_COMM SERVICES

Rice processing MECH._ENERGY_IND INDUSTRY

Figure 32 compares the annual load duration curves of the two municipalities. Ixiamas peaks at about
250 kW and Santos Mercado at about 57 kW. Both curves have the shape expected of a residential
demand, with a moderate ratio between the peak and the base and no spike that would indicate a large
industrial load.
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Figure 32: Annual load duration curves for Ixiamas and Santos Mercado, sufficiency demand.

C EnergyScope configuration tables

Table 41: Inter-cluster distances (km), centroid-to-centroid (Haversine).

C1 C2 C3 C4 C5

C1 – 384.4 328.9 304.3 385.0

C2 – 283.3 113.1 15.4

C3 – 179.2 270.7

C4 – 104.4

C5 –

Although mobility demand is zero in the current scenario, the modal shares are kept for consistency
with the national model and to ease future extensions that include transport.



D PROJECTION DETAILS 101

Table 42: Key resource availability parameters by cluster.

Resource Allocation Source and notes

WOOD (local only) Proportional to area Base: SA-PA = 58.39 GWh/yr [86] via [30].
avail_exterior = 0 in all clusters; wood is not
imported

BIOMASS_RESIDUES
(local)

Proportional to area Base: SA-PA = 226.76 GWh/yr [86]

DIESEL (external) Per cluster Opportunity price: 0.1113 Me/GWh (border
price [29]). Delivered at that price in every clus-
ter (Section 4.8.2).

LPG (external) Per cluster Subsidised price 0.0253 Me/GWh (YPFB gar-
rafa 22.50 Bs/10 kg, FX 6.96 Bs/USD)

ELECTRICITY (ex-
ternal)

C1 only, non-binding Set above the Source A grid consumption of the
C1 municipalities, 11.593 GWh/yr (Reyes, Santa
Rosa Beni, Ixiamas at 100% SIN; Exaltación at
50% SIN). Price: 0.0593 Me/GWh (CNDC pre-
cio monómico). All other clusters: 0

GAS (local) 0 everywhere No local gas fields in the BNA

LNG (external) 1 GWh/yr per cluster The only path by which natural gas enters the
system, through a regasification step onto the
GAS layer. Price 0.1988 Me/GWh, inherited un-
changed from the national catalogue

D Projection details

Figure 33: Deviation of the predicted 2024 cluster population from the census, for the six candidate
models.
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Table 43: Key per-cluster configuration parameters.

Parameter C1 C2 C3 C4 C5 Notes

import_capacity 2 2 2 2 2 Big M; real constraint is freight
cost

solar_area_* proportional to area Base SA-PA = 47,764 km2 [30]

solar_area_high_irr 0 0 0 0 0 No high-irradiance zones

share_heat_dhn 0 0 0 0 0 No district heating

share_freight_train 0 0 0 0 0 No railways

share_short_haul_flights 0 0 3% 0 3% Airports in Riberalta, Gua-
yaramerín, Cobija

share_mobility_public about 72.9% Energy balance 2021 [87], dis-
aggregated by population

share_freight_boat about 2.1% idem

The network to build is concentrated in two clusters, and it barely grows between the three horizons.

Figure 34: Medium voltage line to build in each cluster, at the household counts of the three
horizons.
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Table 44: Treatment of each appliance in the projection of Source A ownership.

Appliance Treatment Reason

Refrigerator, air conditioning,
microwave, washing machine

access relation-
ship

Explained variance above 0.3, and freezing is
physically impossible: San Pedro would hold
no refrigerator in 2050 at full access

Computer, internet, telephone access relation-
ship

Favoured by the out of sample test

Radio, television frozen The test favours freezing, and ownership is al-
ready close to saturation

Water heater frozen Explained variance of 0.29; access does not
explain ownership

Antenna follows the radio Already shares its penetration

Fan unchanged Comes from the thermal model of Section
4.5.1, not from the census

E Additional figures

Figure 35: Households of the BNA by source of electricity, Census 2024.
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Table 45: Households by source and by cluster, given as Source A / Source B / Source C. The two
trajectories share the same 2024 baseline and converge on the same 2050 state. Column totals may

differ by one household from Table 19, since each column is rounded on its own.

2035

Cluster 2024 Access in 2035 Access in 2050 2050, both

C1 5,843 / 2,656 / 2,434 12,819 / 124 / 0 9,862 / 1,660 / 1,420 14,727 / 146 / 0

C2 156 / 393 / 253 998 / 0 / 0 655 / 208 / 134 1,204 / 0 / 0

C3 33,926 / 2,274 / 4,098 47,877 / 81 / 0 44,082 / 1,398 / 2,478 55,551 / 90 / 0

C4 8,649 / 3,754 / 4,209 20,574 / 227 / 0 16,506 / 2,095 / 2,200 25,280 / 207 / 0

C5 14,921 / 248 / 395 19,084 / 0 / 0 18,861 / 86 / 137 22,994 / 0 / 0

Figure 36: The extension capital, split between the three posts of Equation (15).
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