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Figure 4.16: Left side: Location of third case study island Bulon Bon, Thailand; Right side:

Medoid island of Cluster 3 (Bulon Pai, white square at the bottom) and its closest neighbour island

Bulon Don (white square on top), Thailand

Table 4.8: Comparison of risk characteristics for case study island 3 (Bulon Don) and medoid

island 3 (Bulon Pai)

Case study island 3: Bulon Don, Thailand, island ID 1203

Type of risk Risk scale Value

Flood 3 1.49

Cyclone 1 17

Sea-level rise 0 0%

Temperature increase 3 1.16°C

Medoid island 3: Bulon Pai, Thailand, island ID 6945

Type of risk Risk scale Value

Flood 5 1.56

Cyclone 1 17

Sea-level rise 1 2.63%

Temperature 3 1.15°C
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Bulon Don is an island of 0.26 km2 and 14 km away from the closest on-shore

settlement including the main pier of the area (Pak Bara pier) and 11 km away

from the closest shore to mainland. Bulon Don is a purely local island without

any touristic activity [121]. The island is part of Mu Koh Phetra National Park.

There is no pier so that boats are currently landing on the beach (East part of

the island) [121]. The island consist of a single hill (approximately 90 m maximum

elevation, according to Open Topo Map). There are approximately 80 residential

houses and three public buildings (mosque, health centre, and school) situated on

the rare flat area of the island (close to the beach on the East part) [121]. The island

has no agricultural activity and no water sources like rivers or lakes on the island.

Hydro power and biomass potential is therefore limited. Some island community

members own and share diesel generators (1 - 10 households) for basic electricity

supply, the island once owned a central generator to supply the whole island which

broke down in 2016 and has not been repaired since [121]. Grid infrastructure is

in place, but partly destroyed by storms (see Figure 2.6). In 2020/21 SHS arrived

for most households. Table 4.8 gives an overview of climate risks and scales for

the medoid island of Cluster 3 (Bulon Pai) and Bulon Don island. Even though the

islands are part of the same cluster, the two islands differ in their specific risk profile.

However, the basic characteristic of Cluster 3 including low cyclone and sea-level rise

risk in combination with medium temperature rise and flood risk compared to the

other two clusters remain for both islands. Only the flood risk for Bulon Pai is

significantly higher than for Bulon Don because of the steeper topography of Bulon

Don. Both flood risk scales - 3 for Bulon Don and 5 for Bulon Pai - are considered

the same way in the developed scenarios for resilient energy system planning (see

Section 3.3.2). That is why their differences in this specific risk is not significant for

further analysis.

4.3.3 Energy System Modelling Results

As the focus of this thesis is to understand climate change impacts on energy systems

and integrate these findings to develop an approach for climate change resilient

energy system planning, it is on the one hand important to create a representative

overview of different island cases. On the other hand these cases need to be easily

comparable to draw universal conclusions. The first aspect is covered by selecting

island case studies based on the climate change risk assessment. The second aspect

is important to consider while making assumptions for the different islands cases.

In the following, general assumptions and approaches to model the energy system
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on the islands are presented. Island-specific assumptions are then mentioned in the

respective sub-section for each island.

Most parameters enquired in the expert interviews (see Table 4.4 and Table 4.5) are

reflected in editable input parameters provided in HOMER (e.g. investment costs for

batteries, diesel, PV, or load profiles). However, the investments for grid and power

house infrastructure on the islands are not defined as common input categories in

HOMER and are therefore combined and covered as “system fixed capital cost”. In

line with findings of a study on Thai islands, the power house investment costs are

set to 8,800 EUR considering material, transport, and construction expenses for all

island cases as baseline (BAU scenarios) [121]. The investment costs of inverters for

storage and PV components are combined with inputs for PV and battery investment

and replacement costs. The system inverter (converter) is set to “Generic large, free

converter” without additional CAPEX costs. Initial investment and replacement

costs of system components (per installed capacity) are assumed to be identical. The

grid price per meter is set to 12.92 EUR/m according to a mini-grid study conducted

on Thai islands [121]. Even though all islands are part of different countries, the

assumed price of diesel fuel is considered to be the same for all islands to reduce

the impact of fuel price differences on the results. The raw price of 0.763 EUR/l is

determined by the mean value of diesel fuel cost in Thailand, Vietnam, and Myanmar

(derived on 19th of January 2022). On top of that, an escalation rate of 3.1 % is

assumed [121] and the diesel handling and transportation costs are also considered

(following findings of interviews conducted on Thai islands [121]). The resulting

total diesel fuel price is calculated as 0.942 EUR/l.

Modelling Results: Case Study Island 1 (Hon Son Cha, VN)

The first case study island has no permanent residents, only a temple and and a

camping ground that create the electricity demand of the island. Most likely, there

are no or only few high demand appliances like air conditioning, refrigeration or

freezer, resulting in a generally low demand and daily load profile. Thus, the lowest

default load profile within HOMER is selected to model the energy system for Hon

Son Cha: the “residential” load. The projected load profile of the island is shown in

Figure 4.17 (following page).

A measurement taken with QGIS reveals a potential grid length of 580 m connecting

both buildings and the landing beach. The island has no hydro power potential.

Therefore, hydro power is not considered in the energy system modelling. Table
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Figure 4.17: Daily load profile for Hon Son Cha island; ”BAU” demand on the left, ”Climate”

demand on the right

4.9 (following page) summarises the cost increases for each system component to

protect these against the impacts of the three risks occurring on Hon Son Cha island:

flooding, cyclones, and sea-level rise. As listed in the Table, protection against flood

and cyclone risk needs to be considered for both scenarios, while sea-level rise is only

considered in the Climate all scenario. Applying these cost increases to the different

system component prices leads to the financial input parameters as shown in Table

4.10 (following page).

The optimisation of potential energy systems on Hon Son Cha island reveals an

optimal system setup consisting of PV panels, battery storage, and diesel generators

(no wind generation). Thus, wind power generation and its components are not

further considered. The energy system modelling results for Hon Son Cha are listed

in Table 4.11 (next but one page). The cost of electricity is high and lays between

0.73 EUR/kWh (BAU clim scenario) and 0.86 EUR/kWh (Climate all scenario). To

serve the increased demand with constant capacities for solar and batteries, a higher

diesel share is necessary for the BAU clim scenario when compared to the BAU

scenario. This explains the higher fuel consumption and lower RE share of the BAU

clim scenario. Interestingly, the COEs are lower for the BAU clim scenario on Hon

Son Cha island. Looking at both climate scenarios, they differ only in slightly higher

COE for the Climate all scenario (0.03 EUR/kWh difference). Installed capacities
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Table 4.9: Cost increases for system components according to developed scenarios - Hon Son Cha

Component Cost increase

flood risk [%]

Cost increase

cyclone risk [%]

Cost increase

sea-level rise [%]

PV 11.00 9.67 9.23

Battery 5.71 5.36 2.27

Diesel 4.09 8.85 4.00

Power house 8.67 12.00 7.50

Inverter 3.08 7.69 6.00

Grid 11.25 21.67 6.00

To be considered for the following scenarios:

Climate high

Climate all

Climate high

Climate all

Climate all

Table 4.10: Financial input summary for energy system modelling - Hon Son Cha

Component Unit BAU Climate high Climate all

CAPEX PV EUR/kW 1,144.0 1,380.5 1,486.1

CAPEX inverters EUR/kW 253.4 280.7 295.9

CAPEX PV & inv. EUR/kW 1,397.4 1,661.2 1,782.0

OPEX PV EUR/kW/a 17.6 17.6 17.6

CAPEX battery EUR/kWh 380.2 422.3 430.9

CAPEX inverters EUR/kWh 253.4 280.7 295.9

CAPEX battery & inv. EUR/kWh 633.6 703.0 726.8

OPEX battery EUR/kWh/a 10.8 10.8 10.8

CAPEX diesel EUR/kW 220.0 248.5 257.3

OPEX diesel EUR/kW 0.097 0.097 0.097

CAPEX grid EUR 7,493.6 9,960.5 10,410.1

OPEX grid EUR/a 88.0 88.0 88.0

CAPEX power

house

EUR 8,800.0 10,619.0 11,279.0

CAPEX grid &

power house

EUR 16,293.6 20,579.5 21,689.1
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for all system components remain the same. The slightly higher COE is thus a result

of higher CAPEX costs for all system components for the two climate scenarios.

Table 4.11: Energy system modelling results (HOMER) for case study island 1: Hon Son Cha,

Vietnam

Parameter Unit BAU BAU clim Climate high Climate all

PV size kW 3.8 3.8 2.3 2.3

Battery size kWh 11 11 3 3

Generator size kW 2.3 2.3 2.6 2.6

COE EUR/kWh 0.749 0.729 0.833 0.861

RE share % 77.6 68.3 35.0 35.0

Fuel consumption l/a 269 424 878 878

Hon Son Cha island has a low demand and around 11 kWh (”BAU” demand) are

projected to be sold per day over a project duration of 25 years. This in combination

with high investment costs - especially for general infrastructure (grid and power

house) - explains high COEs for all calculated scenarios on the island. In this case,

higher demand of the BAU clim scenario leads to a more beneficial proportion of

investment costs to electricity sales (approximately 13 kWh per day) than the BAU

scenario resulting in lower COE. High proportions of investment costs to the above

listed low electricity sales become obvious when looking at the cost distributions of

different system components for the island. Figure 4.18 (following page) visualises

the total cost per system component over a standard project lifetime of 25 years

including capital investment, replacement, operation, fuel, and salvage costs for the

BAU scenario. General infrastructure (grid and power house) account for 44 % of

the overall system cost. Cost distribution for the BAU clim scenario shows similar

values with slightly higher proportions for diesel (18 %) and lower ones for grid and

power house (40 %). Both climate scenarios show similar cost distributions as well,

but differ from those of the BAU scenarios. Figure 4.19 (following page) represents

the cost distribution of the Climate high scenario.

While the proportion of general infrastructure costs remains with 44 % the same as

for the BAU scenario, the proportion of diesel costs increases by 19 % and those for

battery and PV equipment decreases by 13 % and 7 % respectively. This aligns well

with decreased installed capacities for PV and battery storage and slightly lower

installed capacities for diesel generation. Large parts of the demand are met by
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Figure 4.18: Cost summary and distribution for Hon Son Cha’s island energy system, BAU

scenario

Figure 4.19: Cost summary and distribution for Hon Son Cha’s island energy system, Cli-

mate high scenario

diesel generation, leading to lower RE shares of the climate scenarios as well as to

higher cost proportions of diesel to the overall investment costs.
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For this island showing a low daily energy demand of 11 kWh, it is also interest-

ing to further investigate the best mini-grid setup considering the different user

types. The island hosts a temple and a camping ground. These users could have the

flexibility to allow for capacity shortages making PV/battery systems more viable.

PV/battery systems are generally not suitable for configurations where no shortages

are allowed, as the system must supply electricity at all times, resulting in very

high storage capacities with high initial investment cost. For example, the case of

Hon Son Cha, the COE of the BAU system (not allowing electricity shortages) is

1.09 EUR/kWh (compared to 0.749 EUR/kWh for the PV/battery/diesel system)

and has a storage capacity of 25 kWh of Lithium batteries (compared to 11 kWh

for the PV/battery/diesel system). However, if shortages are allowed, PV/battery

systems become more profitable, especially when demand is low. Table 4.12 sum-

marises the modelling results for different allowable annual capacity shortages (1 %,

5 %, and 10 %). In HOMER, this maximum annual capacity shortage [%] is the

total capacity shortage divided by the total electric load. Compared to the config-

uration without allowing for shortages (0 % column), the PV/battery system setup

shows the same COE as the PV/battery/diesel system at 10 % of annual shortage

allowance.

Table 4.12: Energy system modelling results for different allowed annual capacity shortages - Hon

Son Cha, BAU scenario

PV/battery system Allowed capacity shortage per total electric load

0 [%/a] 1 [%/a] 5 [%/a] 10 [%/a]

PV capacity [kW] 9.7 9.2 7.7 5.2

Battery capacity [kWh] 25 17 11 11

COE [EUR] 1.09 0.935 0.798 0.748

Considering Hon Son Cha’s low electricity demand and very low population density,

as displayed in Table 2.3, the island might be best electrified via the installation of

one small stand-alone system (PV panel and battery storage) per building instead of

the modelled mini-grid. The high electricity price on the island is also an indicator

that the optimised mini-grid might not be the best option to electrify the island.

Taking the comparably high infrastructure cost of implementing a mini-grid and

the low demand on the island into account, the electricity price can be reduced by

installing two small stand-alone systems. From a resilience perspective, small stand-

alone systems require fewer additional measures to withstand shocks and stresses, as



4.3 Resilient Energy System Planning 89

discussed in Section 2.3.2, and therefore lend themselves to a resilient energy system

planning approach.

Modelling Results: Case Study Island 2 (Magyi Kyun, MY)

The second case study island has with approximately 200 the highest number of

buildings. The estimation of electricity demand on Magyi Kyun is based on a pub-

lished load profile of an island in the study region. The load profile of Bulon Don

(third case study island) is known due to a study conducted on the island and helps

to determine the load profile of Magyi Kyun [121]. To relate the demand of both

islands to the number of people living on the island, the hourly load profile of Bulon

Don is doubled (twice as many houses on Magyi Kyun island) and shown in Fig-

ure 4.20. Magyi Kyun has a significant projected amount of daily electricity sales

(358 kWh per day for BAU and 404 kWh per day for climate demand) compared to

Hon Son Cha island.

Figure 4.20: Daily load profile for Magyi Kyun; ”BAU” demand on the left, ”Climate” demand

on the right

A measurement taken with QGIS reveals a potential grid length of 2.31 km to

connect all buildings of the island along the roads. There is no detectable hydro

power potential on the island. Thus, hydro power is not considered for energy system

modelling on the island. The optimal system layout for Magyi Kyun includes PV,
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battery storage, and diesel generation. Wind generation reveals low potential and is

not considered in the following for economic reasons.

The additional investment costs to protect energy infrastructure against climate

change impacts on Magyi Kyun island are summarized in Table 4.13. Higher invest-

ments to protect infrastructure against all three risks (flood, cyclones, and sea-level

rise) apply to the Climate all scenario, while the Climate high scenario only consid-

ers higher investment prices to protect against flood hazards. Table 4.14 (following

page) relates these cost increases to total financial input parameters for modelling

the energy system on Magyi Kyun island.

Table 4.13: Cost increases for system components according to developed scenarios - Magyi Kyun

Component Cost increase

flood risk

Cost increase

cyclone risk

Cost increase

sea-level rise

[%] [%] [%]

PV 11.00 9.67 9.23

Battery 5.71 5.36 2.27

Diesel 4.09 8.85 4.00

Power house 8.67 12.00 7.5

Inverter 3.08 7.69 6.00

Grid 11.25 21.67 6.00

To be considered for the following scenarios:

Climate high

Climate all

Climate all Climate all

Results of the energy system optimisation and simulation are listed in Table 4.15

(following page). Due to the higher demand caused by the impacts of climate change

and constant system setup (simulation instead of optimisation), there is a significant

increase in diesel fuel consumption (4,412 l/a) and decrease in RE share (5.6 %)

comparing the BAU and BAU clim scenario. To meet the increased demand, an

upgrade of 6 kW diesel capacity is needed. Looking at both climate scenarios, they

differ in PV (7 kW less for Climate all) and battery (9 kWh less for Climate all

scenario) capacity. This results in an increased fuel consumption and a decreased RE

share. The Climate all scenario obtains increased battery investment costs for three

risks (flood, cyclone, and sea-level rise) resulting in a cost increase of around 13 %

compared to around 6 % for the Climate high scenario. Therefore, the battery size

for the Climate all scenario decreased significantly. Diesel and PV contribute to the
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Table 4.14: Financial input summary for energy system modelling - Magyi Kyun

Component Unit BAU Climate high Climate all

CAPEX PV EUR/kW 1,144.0 1,269.8 1,486.1

CAPEX inverters EUR/kW 253.4 261.2 259.9

CAPEX PV & inv. EUR/kW 1,397.4 1,531.0 1,782.0

OPEX PV EUR/kW/a 17.6 17.6 17.6

CAPEX battery EUR/kWh 380.2 401.9 430.9

CAPEX inverters EUR/kWh 253.4 261.2 295.9

CAPEX battery & inv. EUR/kWh 633.6 663.1 726.8

OPEX battery EUR/kWh/a 10.8 10.8 10.8

CAPEX diesel EUR/kW 220.0 229.0 257.3

OPEX diesel EUR/kW 0.097 0.097 0.097

CAPEX grid EUR 29,799.0 33,151.4 41,396.8

OPEX grid EUR/a 88.0 88.0 88.0

CAPEX power

house

EUR 8,800.0 9,563.0 11,279.0

CAPEX grid &

power house

EUR 38,599.0 42714.3 52,675.7

Table 4.15: Energy system modelling results (HOMER) for case study island 2: Magyi Kyun,

Myanmar

Parameter Unit BAU BAU clim Climate high Climate all

PV size kW 116 116 129 122

Battery size kWh 303 303 352 343

Generator size kW 43 49 49 49

COE EUR/kWh 0.427 0.435 0.444 0.483

RE share % 84.9 79.3 85.0 83.6

Fuel consumption l/a 7,963 12,375 8,936 9,818

overall investment similarly (see Figure 4.21, following page), but PV shows a cost

increase of 19 % and diesel of 13 % comparing both climate scenarios. Therefore, the

PV capacity of the Climate all scenario is also reduced compared to the Climate high

scenario.
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Figure 4.21: Cost summary and distribution for Magyi Kyun’s island energy system, BAU sce-

nario

Figure 4.21 gives an overview of the cost proportions of different system components

for the BAU scenario on Magyi Kyun island. The summary includes capital, re-

placement, operation, fuel, and salvage costs. Cost distributions for other scenarios

(BAU clim, Climate high, and Climate all) are similar for this island and are there-

fore not shown separately. In contrast to Hon Son Cha island, the cost proportion of

general infrastructure (grid and power house) in relation to the overall investment

is the smallest. Batteries account for the highest (43 %) investment costs followed

by PV and diesel generation with respectively 26 %.

The cost per kilowatt-hour on the second case study island is almost half the price

as for the first case study island ranging from 0.4 EUR/kWh to 0.5 EUR/kWh.

Economies of scale (proportion of investment costs to projected electricity sales) re-

sult in lower electricity prices on Magyi Kyun than on Hon Son Cha. Infrastructure

expenses distribute to a higher quantity of kilowatt-hours sold on the island. Signif-

icantly higher diesel fuel consumption (increase of 4,412 l/a) to meet the increased

climate demand on Magyi Kyun island lead to a higher COE for the BAU clim sce-

nario when compared to the BAU scenario. The relatively small difference of COEs

of the BAU and climate scenarios (when compared to those of Hon Son Cha island)

can also be explained by the beneficial proportion of investment and high electricity

sales.
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The high demand, dense population along the road and low electricity prices make a

PV-battery-diesel mini-grid a suitable option to electrify Magyi Kyun island (see Ta-

ble 2.3). The comparatively small difference in COEs for BAU and climate resilient

energy system planning suggests that resilient energy system planning is feasible on

Magyi Kyun island if climate change related hazards are likely to occur, as indicated

by the island’s risk profile.

Modelling Results: Case Study Island 3 (Bulon Don, TH)

The estimated load profile to supply the 80 households and three public buildings on

the island with electricity is obtained by an energy system analysis conducted in 2017

and shown in Figure 4.22 [121]. To model the energy system for Bulon Don island,

solar and wind power generation alongside battery storage and diesel generators

are considered. The island revealed no hydro power potential. Optimisation of the

energy system for Bulon Don suggests a PV/battery/diesel setup to be the most

promising option. Thus, wind power generation is not further considered. The

aforementioned analysis estimated the necessary grid length to 600 m [121].

Figure 4.22: Daily load profile for Bulon Don island; ”BAU” demand on the left, ”Climate”

demand on the right

Adjusted component prices for flood risk are entered to consider the Climate high

scenario. For the Climate all scenario increased investment costs for flood and cy-

clone risk is applied to all components.
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The exact values are listed in Table 4.16 and the resulting financial input parameters

can be found in Table 4.17 (following page).

Table 4.16: Cost increases for system components according to developed scenarios - Bulon Don

Component Cost increase

flood risk

Cost increase

cyclone risk

[%] [%]

PV 11.00 9.67

Battery 5.71 5.36

Diesel 4.09 8.85

Power house 8.67 12.00

Inverter 3.08 7.69

Grid 11.25 21.67

To be considered for the following scenarios:

Climate high

Climate all

Climate all

Table 4.18 (following page) gives an overview of the modelling results for each

scenario. Similar to Magyi Kyun island, the cost of electricity is the lowest

for the BAU scenario (0.40 EUR/kWh) and highest for the Climate all scenario

(0.44 EUR/kWh). Bulon Don island has the lowest COE of all islands (0.3-

0.4 EUR/kWh lower than Hon Son Cha and 0.02-0.04 EUR/kWh lower than Magyi

Kyun island). The lower COE compared to Hon Son Cha lays in the higher projected

sales of 179.2 kWh per day for the BAU scenario and 202.2 kWh per day for the

BAU clim scenario distributed to Bulon Don’s system investment costs (beneficial

NPV to annual demand). A look at the detailed cost summary of HOMER for Magyi

Kyun and Bulon Don islands reveals that proportional operation and maintenance

as well as fuel costs are higher for Magyi Kyun island resulting in higher COEs for

the island. While capital, replacement, and salvage costs are double for Magyi Kyun

compared to Bulon Don (reflecting the twofold demand of Bulon Don compared to

Magyi Kyun), operation and maintenance costs are 2.3 times as high and fuel cost

3 times as high as on Bulon Don island (values derived from BAU scenario).

There is a significant increase in diesel fuel consumption and decrease in RE share

when looking at the BAU scenario compared to the BAU clim scenario caused by

higher demand with no changes in the overall system setup (simulation). To meet

the increased demand, it needs an upgrade of 3 kW diesel capacity. Looking at
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Table 4.17: Financial input summary for energy system modelling - Bulon Don

Component Unit BAU Climate high Climate all

CAPEX PV EUR/kW 1,144.0 1,269.8 1,380.5

CAPEX inverters EUR/kW 253.4 261.2 280.7

CAPEX PV & inv. EUR/kW 1,397.4 1,531.0 1,661.2

OPEX PV EUR/kW/a 17.6 17.6 17.6

CAPEX battery EUR/kWh 380.2 401.9 422.3

CAPEX inverters EUR/kWh 253.4 261.2 280.7

CAPEX battery & inv. EUR/kWh 633.6 663.1 703.0

OPEX battery EUR/kWh/a 10.8 10.8 10.8

CAPEX diesel EUR/kW 220.0 229.0 248.5

OPEX diesel EUR/kW 0.097 0.097 0.097

CAPEX grid EUR 7,752.0 8,624.1 10,619.0

OPEX grid EUR/a 88.0 88.0 88.0

CAPEX power

house

EUR 8,800.0 9,560.3 10,619.0

CAPEX grid &

power house

EUR 16,552.0 18,187.1 20,922.9

Table 4.18: Energy system modelling results (HOMER) for case study island 3: Bulon Don,

Thailand

Parameter Unit BAU BAU clim Climate high Climate all

PV size kW 58.1 58.1 65.6 63.6

Battery size kWh 156 156 179 170

Generator size kW 22 25 25 25

COE EUR/kWh 0.403 0.412 0.420 0.443

RE share % 89.3 83.7 89.6 88.1

Fuel consumption l/a 2,852 4,940 3,154 3,618

both climate scenarios, they differ in PV (2 kW less for the Climate all scenario)

and battery (9 kWh less for the Climate all scenario) capacity. This is explained by

the overall cost structure of the system in combination with cost increases between

the two climate scenarios: batteries account for the highest investment (47 %) of
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total system costs and PV for the second highest proportion of investment (28 %) as

shown in Figure 4.23 (cost distribution of all scenarios are similar and are therefore

not shown for all scenarios). The Climate all scenario obtains increased battery

investment costs for two risks (flood and cyclone) resulting in a cost increase of

around 11 % compared to around 6 % for the Climate high scenario. The same

applies to PV generation, here the cost increase of the Climate all scenario is 21 %

compared to the Climate high scenario with 11 % cost increase.

Figure 4.23: Cost summary and distribution for Bulon Don’s island energy system, BAU scenario

The settlement on Bulon Don is located on the rare plane parts of the island close

to the beach. High population density, high energy demand, and a large distance to

the mainland and hence the nearest grid connection point make electricity supply

via mini-grid the most suitable option (see Table 2.3). Low calculated COE on the

island for mini-grid electrification underline these findings. Moreover, the approach

of climate resilient energy system planning on the island is recommended when

climate change related hazards are likely as the COEs of BAU and resilient energy

system planning have comparatively small differences.

4.3.4 Evaluation of Results

The following evaluation aims to determine under which conditions it is viable to

include resilience consideration into energy system planning from the very begin-
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ning. Assuming that climate change induced damages occur, resilient energy system

planning is viable on the long run as soon as the evaluation scenarios show higher

COEs than the climate scenarios. A cash flow model serves as basis to calculate

COEs of different evaluation scenarios as outlined in Section 3.3.3. In each calcula-

tion, damage frequencies (every 5, 10, or 15 years) and severity (25 %, 50 %, 75 %,

or 100 % repair cost of the original investment cost needed due to damage) are ad-

justed according to the above mentioned 12 evaluation scenarios (see Table 3.7). To

conclude the evaluation, 72 calculations are realised - 24 for each case study island

(12 simulations for the BAU scenario and 12 for the BAU clim scenario).

Comparison: Case Study Island 1 (Hon Son Cha, VN)

Figure 4.24 on the following page visualises COEs of all evaluation scenarios for

the BAU system setup for the first case study island. Figure 4.25 (following page)

shows the same overview for the BAU system setup considering climate demand.

The frequency of damage (every 5, 10, or 15 years) is shown on the horizontal axis,

the COEs on the vertical axis. Values for different severity of damages (25 %, 50 %,

75 %, or 100 %) can be found as light (25 %) to dark (100 %) brown (BAU demand)

and ocher (climate demand) dots. The COEs of the climate scenarios are shown for

comparison reasons (Climate all scenario as green line and Climate high scenario as

red line). The energy systems of both climate scenarios are assumed to withstand

occurring climate change shocks and stresses and remain without damage explaining

their steady line.

The figures reveal two interesting facts: (i) the higher the damage frequency (e.g.

every 5 years) and severity of damages, the more viable is climate change resilient

energy system planning due to lower COEs and (ii) the lower the frequency (e.g.

every 15 years) the less important is the severity of damage, as COEs show smaller

differences. For Hon Son Cha island, resilient energy system planning is viable for

most cases. Only in one case considering the BAU demand (E15,25) and three cases

considering the climate demand (E15,25, E15,50, and E10,25), the evaluation scenarios

show lower COEs than the resilient energy system planning cases (Climate high,

Climate all). In these cases, climate resilient energy system planning has economi-

cally no benefits compared to the BAU system planning. All other cases are more

feasible if climate change considerations are integrated from the very beginning. For

example in most extreme cases of damages happening every 5 years in the BAU

scenario, COE is 0.17 EUR/kWh (E5,25), 0.45 EUR/kWh (E5,50), 0.73 EUR/kWh

(E5,75), and 1.02 EUR/kWh (E5,100) higher than for the Climate all scenario.
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Figure 4.24: COEs for different evaluation scenarios (5, 10, and 15 years without damage as

well as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup, Hon

Son Cha island

Figure 4.25: COEs for different evaluation scenarios (5, 10, and 15 years without damage as

well as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup and

climate demand, Hon Son Cha island

Over project lifetime, E5,x scenarios require four repair actions, E10,x scenarios two,

and E15,x scenarios one. The distances between COE dots for different severity of

damages for the same damage frequency is approximately 0.06 EUR/kWh (E15,x),
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0.12 EUR/kWh (E10,x) and 0.28 EUR/kWh E5,x revealing a slightly exponential

correlation to the number of repair actions over project lifetime.

Table 4.19 summarises the COEs for all evaluation scenarios and shows the COEs

for all four baseline scenarios (BAU, BAU clim, Climate high, Climate all) for com-

parison reasons.

Table 4.19: Overview of 12 evaluation scenario results for BAU and Climate demand and com-

parison to 4 baseline scenarios - Hon Son Cha island

Evaluation scenario COEs

BAU demand Clim. demand

[EUR/kWh] [EUR/kWh]

E5,25 1.030 0.979

E5,50 1.312 1.232

E5,75 1.593 1.485

E5,100 1.875 1.738

E10,25 0.869 0.835

E10,50 0.990 0.943

E10,75 1.111 1.052

E10,100 1.232 1.160

E15,25 0.807 0.778

E15,50 0.865 0.830

E15,75 0.923 0.882

E15,100 0.981 0.935

Baseline scenario COEs

BAU 0.749 EUR/kWh

BAU clim 0.729 EUR/kWh

Climate high 0.833 EUR/kWh

Climate all 0.861 EUR/kWh

The evaluation leads to the conclusion that most disruptions of the energy system

based on the BAU approach will have a very strong economic impact on Hon Son

Cha island leading to high electricity costs on the long run. Resilient energy system

planning is in the majority of cases beneficial. Looking back to the risk profile

of the island (see Table 4.6), the occurrence of cyclones as well as frequent flood
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incidents over projected duration are likely, making resilient energy supply even more

important. However, the electricity price level on the island - if electrified via a mini-

grid - is disproportionate and stand-alone systems are recommended to decrease the

electricity price as mentioned earlier. These systems have a high resilience if carefully

installed and maintained.

Comparison: Case Study Island 2 (Magyi Kyun, MY)

Figure 4.26 visualises the evaluation results for the BAU system setup and Figure

4.27 (following page) for the BAU system setup considering climate demand for

Magyi Kyun. The general observations that (i) higher damage frequencies and higher

damage severity favor resilient energy system planning and (ii) damage severity is

less important at lower damage frequencies are confirmed.

Figure 4.26: COEs for different evaluation scenarios (5, 10, and 15 years without damage as well

as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup, Magyi

Kyun island

Similar to Hon Son Cha island, in most cases climate change resilient energy system

planning is more viable than BAU planning if climate change induced damages

are expected to occur on the island. Compared to the evaluation scenario COEs,

the COE of the Climate high scenario is the lowest. Only three evaluation scenarios

(E10,25, E15,25, and E15,50) have lower COEs than the Climate all scenario. In case of a

critical climate change induced incident happening every 10 years or more frequently,
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Figure 4.27: COEs for different evaluation scenarios (5, 10, and 15 years without damage as

well as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup and

climate demand, Magyi Kyun island

climate resilient energy planning is economically more viable. If damage is happening

less frequent it depends on the projected degree of damage: the higher the degree

of damage, the more feasible it is to integrate climate change considerations into

energy system planning. For 25 % damage, COEs of BAU system planning are

lower, with damages of 100 % or 75 %, the climate scenarios show lower COEs.

If half of the equipment or more needs repair and replacement, climate resilient

planning is more viable in case of incidents happening every 10 years. If these

events are happening every 15 years, this is the case if 75 % of the energy system

needs repair and replacement.

Table 4.20 (following page) summarises the COEs for all evaluation scenarios and

shows the four baseline scenarios for comparison. The evaluation for Magyi Kyun

island reveals a strong tendency towards resilient energy system planning, if climate

change induced incidents are likely to occur. The risk profile of the island (see

Table 4.7) shows a severe flood risk, major temperature rise risk, minor cyclone, and

insignificant sea-level rise risk. Climate resilient energy system planning is therefore

recommended to be applied on Magyi Kyun island. Due to the high temperature

rise, climate demand should be considered in energy system planning on the island.

Flooding as well as cyclones might affect all selected components (solar, power house,

inverter, grid, diesel generator). Therefore, it will be beneficial to account for suitable
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Table 4.20: Overview of 12 evaluation scenario results for BAU and Climate demand and com-

parison to 4 baseline scenarios - Magyi Kyun island

Evaluation scenario COEs

BAU demand Clim. demand

[EUR/kWh] [EUR/kWh]

E5,25 0.548 0.544

E5,50 0.670 0.652

E5,75 0.793 0.761

E5,100 0.915 0.870

E10,25 0.478 0.481

E10,50 0.530 0.528

E10,75 0.583 0.575

E10,100 0.635 0.621

E15,25 0.415 0.457

E15,50 0.476 0.480

E15,75 0.501 0.502

E15,100 0.526 0.524

Baseline scenario COEs

BAU 0.427 EUR/kWh

BAU clim 0.435 EUR/kWh

Climate high 0.444 EUR/kWh

Climate all 0.483 EUR/kWh

adaptation measures from the very beginning. According to Table 4.4 especially for

solar and grid infrastructure the difference in initial investment for BAU and resilient

energy system planning will be significant (e.g. additional 11 % to protect against

flooding incidents) and important to consider.

In contrast to Hon Son Cha island, where the COE of the BAU clim scenario is

lower than the BAU scenario for both - the originally modelled scenarios and the

evaluation scenarios - the pattern is different for Magyi Kyun island. The BAU sce-

nario has a lower COE than the BAU clim scenario on Magyi Kyun island. Looking

at the evaluation scenario COEs, (Table 4.20), most prices are lower for the BAU

system setup considering climate demand (BAU clim). This is the case for all eval-

uation scenarios considering damages every 5 years. In case of damages every 10
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years, this applies to scenarios with higher degrees of damages (50 %, 75 %, and

100 %). For evaluation scenarios considering damages every 15 years, this only ap-

plies to one scenario (E15,100). This pattern drives the conclusion that the higher the

re-investment costs caused by damages, either through more frequent damages or

through a higher degree of damage, the more beneficial is a higher demand (climate

demand). This connects again to the fact that higher electricity sales in case of

higher overall investment lead to lower COEs (see Function 3.18).

Comparison: Case Study Island 3 (Bulon Don, TH)

For Bulon Don, Figure 4.28 visualises the evaluation results for the BAU system

setup and Figure 4.29 (following page) for the BAU system setup considering climate

demand. Both figures can be found on the following page. Results of all evaluation

scenarios and COEs of the four baseline scenarios are summarised in Table 4.21

(next but one page).

Figure 4.28: COEs for different evaluation scenarios (5, 10, and 15 years without damage as well

as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup, Bulon

Don island

On the third case study island with the lowest COEs for the four baseline scenarios

compared to the other two islands, resilient energy system planning is more viable

than almost all calculated evaluation cases. Only if damages are occurring every 15

years with 25 % repair needs, the evaluation scenario E15,25 has lower COEs than the
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Figure 4.29: COEs for different evaluation scenarios (5, 10, and 15 years without damage as

well as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup and

climate demand, Bulon Don island

Climate all scenario. In all other cases it is reasonable to follow a climate resilient

energy system planning approach on Bulon Don island if climate change induced

incidents are expected to occur. Bulon Don has a moderate flood and temperature

rise risk and a minor cyclone risk (see Table 4.8). Even though no severe or major risk

occur, climate change resilient energy system planning for the island is recommended.

It is still likely that flood incidents occur and demand is rising on the island due to

temperature increase. Apart from this, the number of cyclones expected to arrive

on the island over the next 50 years is 17, even though the risk is scaled to be minor

(compared to other islands). This sums up to approximately 8 cyclones within a

project duration of 25 years. Flooding and cyclones have the strongest impact on

necessary infrastructure on the island such as solar generation and grid assets (see

Table 4.4). To account for these beforehand will make energy system projects on

the island more sustainable.

The pattern of lower evaluation scenario COEs if considering the climate demand

on Bulon Don is similar to Magyi Kyun island.
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Table 4.21: Overview of 12 evaluation scenario results for BAU and climate demand and com-

parison to 4 baseline scenarios - Bulon Don island

Evaluation scenario COEs

BAU demand Clim. demand

[EUR/kWh] [EUR/kWh]

E5,25 0.526 0.519

E5,50 0.648 0.628

E5,75 0.771 0.737

E5,100 0.894 0.846

E10,25 0.456 0.457

E10,50 0.508 0.504

E10,75 0.561 0.550

E10,100 0.613 0.597

E15,25 0.428 0.432

E15,50 0.453 0.455

E15,75 0.479 0.477

E15,100 0.504 0.500

Baseline scenario COEs

BAU 0.403 EUR/kWh

BAU clim 0.412 EUR/kWh

Climate high 0.420 EUR/kWh

Climate all 0.443 EUR/kWh

Sensitivity for Diesel Price

In order to understand the influences of different diesel prices, the evaluation scenar-

ios are calculated for reduced diesel costs of 0.769 EUR/l (instead of 0.942 EUR/l).

Results of the analysis are similar for all islands. Therefore, figures are only shown

for the first case study island. Figure 4.30 (following page) shows the evaluation

scenario COEs for the BAU system setup and Figure 4.31 (following page) visualises

the results for the BAU system setup considering climate demand. The COE range

on the y-axis is chosen to be the same as for the evaluation scenarios of Hon Son

Cha with a diesel fuel price of 0.942 EUR/l.
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Figure 4.30: COEs for different evaluation scenarios (5, 10, and 15 years without damage as

well as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup and

reduced diesel fuel cost, Hon Son Cha island

Figure 4.31: COEs for different evaluation scenarios (5, 10, and 15 years without damage as well

as 25 %, 50 %, 75 %, and 100 % damage of each component) for the BAU system setup, climate

demand and reduced diesel fuel cost, Hon Son Cha island

Table 4.22 (following page) summarises the evaluation scenario COEs for both diesel

prices. Obviously, all COEs are lower for the reduced diesel price. While comparing

the COEs for one frequency of damages (e.g. 5-years), it becomes apparent that the

COEs are closer to each other (show less difference) in case of a reduced diesel price.
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The likeliness that BAU system planning is more economic than climate resilient

energy planning is increasing with reduced diesel prices: e.g. evaluation of the BAU

system setup considering climate demand with a diesel fuel price of 0.769 EUR/l

shows four cases of lower COEs than one of the climate scenarios out of which three

show lower COEs for the Climate high scenario compared to three and one for a

diesel price of 0.942 EUR/l. Thus, diesel prices have an important influence on the

feasibility of resilient energy system planning. Higher diesel prices cause a trend in

favor of resilient energy system planning.

Table 4.22: Overview of 12 evaluation scenario results for BAU and Climate demand for two

different diesel prices - Hon Son Cha island

Evaluation Diesel price 0.942 EUR/l Diesel price 0.769 EUR/l

scenario BAU demand Clim. demand BAU demand Clim. demand

[EUR/kWh] [EUR/kWh] [EUR/kWh] [EUR/kWh]

E5,25 1.030 0.979 0.944 0.863

E5,50 1.312 1.232 1.152 1.043

E5,75 1.593 1.485 1.359 1.222

E5,100 1.875 1.738 1.567 1.402

E10,25 0.869 0.835 0.826 0.761

E10,50 0.990 0.943 0.915 0.838

E10,75 1.111 1.052 1.004 0.915

E10,100 1.232 1.160 0.908 0.832

E15,25 0.807 0.778 0.779 0.721

E15,50 0.865 0.830 0.822 0.758

E15,75 0.923 0.882 0.865 0.795

E15,100 0.981 0.935 0.795 0.832

Cost of Power Outages

Another way to assess the prospects of climate resilient energy system planning

is the comparison of additional investment costs for resilient energy systems with

projected costs of outages in case of climate change induced system failure of BAU

setups. Power outage times caused by climate change induced threats on Southeast

Asian islands as stated by interviewees are listed in Table 4.23 (following page,
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limited to answers given including power outage times). System outage times range

from few hours to 5 month with the majority of answers given around 1 week.

Table 4.23: Overview of damages and outage times as stated by the interviewees, limited to

answers given including a system outage time

Component Threat Damage Outage time No.

inter-

viewee

Solar Storm Lightning strike 1-2 weeks 7

Lightning strike 1-5 month 19

Panels blown away and

debris is hitting re-

maining panels causing

cracks

1 week 20

Temperature Overheating of charge

controller

1 week 11

Hydro Flood Damages to civil works 1-2 weeks 20

Wind Storm Lightning strike Several weeks 20

Grid Storm Unstable poles and

trees falling on grid

lines leading to grid

break-down

Few hours 15

Power house,

inverter &

batteries

Flood damage to power house

and equipment (short

circuits)

2 weeks 20

Table 4.24 (following page) summarises the total investment costs including cap-

ital, operation and maintenance, fuel, and salvage costs for the BAU clim and

Climate high scenario and their difference for all islands to be compared to the

estimated cost of outages. The BAU clim scenario is listed, because demand in-

creases (caused by e.g. increasing temperatures) are considered to be likely. The

Climate high scenario covers higher investment costs for only the most severe cli-

mate change risks on the islands, which is more likely to be implemented than the

Climate all scenario considering all occurring risk causing high upfront investments.

Therefore, the Climate high scenario is selected for comparison.
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Table 4.24: Total expected investment cost (including capital, operation and maintenance, fuel

and salvage cost) for two selected scenarios (BAU clim and Climate high) and all case study islands

Island Total investment

BAU clim

Total investment

Climate high

Difference

[EUR] [EUR] [EUR]

Hon Son Cha 43,180 49,347 6,167

Magyi Kyun 830,403 847,909 17,506

Bulon Don 392,839 401,124 8,285

To relate the outage times with estimates on cost of power outages (GDP per capita)

and compare these costs to the differences of investment cost for each case study

island, the number of people on the islands have to be estimated. As mentioned in

Section 4.3.2, Magyi Kyun has an estimated number of 200 households and Bulon

Don of 80 households. Hon Son Cha has currently no permanent residents and is

therefore not further considered. According to Esri, the average number of people

per household is 4.2 in Myanmar and 3.1 in Thailand [122,123]. This results in 840

people living on Magyi Kyun island and 248 on Bulon Don.

Applying a GDP loss of approximately 24.5 Ph.Pesos (0.017 Euro) per hour per

capita caused by power outages as mentioned in Section 3.3.3, this translates to

GDP losses of approximately:

• 43 Euro (e.g. 3 hours), 2,399 Euro (1 week) and 52,122 Euro (5 month) on

Magyi Kyun island, and

• 13 Euro (e.g. 3 hours), 708 Euro (1 week) and 15,388 Euro (5 month)on Bulon

Don island.

Comparing the difference of investment costs between BAU and climate resilient

planning to the estimated cost of an outage, it can be seen that resilient energy

system planning pays off when outages are frequent or long-lasting: After 1,226 hours

(51 days) of power outages on Magyi Kyun, the investment difference is reached,

and after 1,965 hours (82 days) for Bulon Don. Because the cost of power outages

increases with the number of people living on the island, planning for a resilient

energy system is especially recommended for densely populated, remote islands.

Resilient energy system planning reduces the probability of power outages caused by

environmental disruptions and thus minimises the losses connected to outages. Dis-

ruptions based on environmental impacts are categorised as unexpected disruptions
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and account for even higher outage costs as usually calculated (e.g. for Thailand

a study showed up to four times higher outage costs caused by unexpected out-

ages) [114]. This makes resilient energy system planning even more appealing to

planners of energy systems in regions that are at high risk of climate change im-

pacts.

Outages of few hours have no strong economic impact. However, social impacts

might be high and have to be further analysed. For example, benefits resulting

from reliable electricity access as mentioned in Section 2.3.4 are undermined by elec-

tricity system outages. Longer outage duration, which is often the case for remote

islands due to poor accessibility, and complicated transport routes and landing op-

tions, imply an economic - and most likely social - benefit of resilient energy system

planning.

4.4 Discussion of Limitations

The presented research aims to provide a first overview and approach to integrate

climate change risk considerations into off-grid energy system modelling. The finan-

cial figures provided have a comparative rather than a full feasibility study character.

The processing of both core topics shows limitations that are discussed in the fol-

lowing.

4.4.1 Climate Change Risk Assessment

Datasets and processing. First of all, the data coverage for conducting the climate

change risk assessment is limited. Therefore, not all Southeast Asian islands are

considered. Another challenge arises from the different resolution and geographic

allocation of applied datasets. Data points of different datasets might not match

and create inaccuracies that are difficult to detect. The applied methodology is a

simplified model to create an overview of occurring climate change risks. However,

climate change risk assessments are a complex task and the simplified approach used

within this research is not able to grasp every aspect of it. For example, it does not

reflect the impact of seasonality on e.g. temperature and precipitation developments

(indicating flood and drought risk). Drought and flood risk are dependent on many

different factors and are difficult to fully assess. Only a limited number of these

factors were considered within this research. This might be one reason why there is
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no drought risk detected for any of the observed islands within this research, even

though droughts are expected to play a role in some parts of Southeast Asia (see

hazard hotspots in Section 2.2.2).

Clustering. The cluster analysis served to create an overview of risk patterns and de-

termine characteristic islands for further analysis. The above mentioned challenges

to process and combine different datasets also affect the cluster analysis. The box-

plots (see Figure 4.11) reveal a high number of outlier (especially for sea-level rise)

and median and first quartile lines are difficult to distinguish (sea-level rise only).

The analysis highlights that an improvement of the accuracy of data - especially for

sea-level rise - is necessary.

Scaling. Another weakness is the weighting of the four analysed climate change

risks. The scaling is applied by looking at the full (global) range of each dataset

and distribute this range in equal parts to the Likert scale. This approach does not

consider the difference in consequences for island communities e.g. if the temperature

is rising by 1.38 - 1.5 °C, HDI is above 1.5 (severe flood risk), they face land loss of

80 - 100 % or the occurrence of 280 - 350 cyclones. All these values are assigned to

the highest risk scale (5). A more detailed impact assessment of each risk to develop

a more appropriate weighting of these risks is recommended for further research.

Despite these limitations, the basic findings of the climate change risk assessment

match well with common scientific findings. The geographical location of island

within Cluster 1 characterised by a high cyclone risk for example is in line with

one of the global cyclone basis (Western Pacific) [119]. Furthermore, the high flood

risk of islands within Cluster 2 aligns well with Köppen-Geiger’s “tropical monsoon”

classification characterised by periods of heavy rainfall [120]. The low flood risk of

Cluster 3 islands is also represented in their “tropical rainforest” classification [120].

These areas are characterised by high quantities of rainfall, which are often absorbed

by vegetation.

4.4.2 Resilient Energy System Planning

Data acquisition. Empirical research was necessary in order to create a data basis for

further assessment. Even though a special focus was laid in creating a representative

picture of knowledge and expertise about resilient energy system planning on South-

east Asian islands by approaching people with divers backgrounds, the acquired data

serves as a first overview only. More detailed research is needed to create a solid
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and holistic data basis. Especially the missing link of identified adaptation mea-

sures to extra investment costs to implement these specific measures is a weakness.

For now, the adaptation measure list and the estimated rise in investment costs to

protect equipment against the impacts of different climate change risks is detached.

The extra investment costs are generalised figures to get a first impression. Linking

specific measures and related cost was not done in the expert interviewees to not

overwhelm the interviewees with a very detailed questionnaire, a lot of repeating

questions, and interview time exceeding one to one-and-a-half hours. In addition,

the obtained data includes a range of values as presented in Table 4.4 and Table 4.5.

Due to the high number of calculations per island (modelling and evaluation scenar-

ios), only the mean values are considered. The full range of answers and estimations

is reflected on a limited scale and needs further assessment.

Evaluation. The evaluation approach is a simplified method to reflect occurring fre-

quencies and severity of damages caused by climate change induced incidents. This

approach assumes the same damage for each system component after an incident

happened and does not reflect irregularly occurring damages. As mentioned in Sec-

tion 3.3.3, the evaluation calculation via HOMER is not possible and therefore a

dynamic cash flow table was created. This approach allows to reflect partly de-

stroyed equipment and persisting equipment at the same time. However, the salvage

and replacement schedule is obtained from the original HOMER cash flow model as

proxy. The real salvage and replacement figures might differ, as parts of the equip-

ment are being replaced or repaired earlier (due to climate change induced damages).

Thus, the developed approach serves as first assessment to the evaluation only. The

calculated cost of outages and their relation to cost differences in BAU and climate

resilient planning can be seen as approximation only. There was no detailed analysis

of economic activities and social structures available for the case study islands. The

exact figures to calculate the cost of outage might vary between the islands and need

to be studied more thoroughly.

HOMER input parameter. The analysis (modelling and evaluation scenarios) de-

pends on COE comparison. The value of COEs is dependant on all input criteria

entered to HOMER. These values are determined based on current fuel prices, past

mini-grid studies in the region, and the expert interviews. Changes in input criteria

are leading to different COE results. Therefore, the analysis is subject to sensitivity

of changing prices of components, fuel, or load profiles. In addition, the load profiles

for each case study island are broad estimations, which served the purpose of this

research. However, these demand estimations do not consider cultural, contextual,
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and site-specific parameters. A more detailed analysis of demands and time of us-

age is necessary to depict the local needs more precisely. A climate change impact

assessment for biomass as another relevant generation source on some of the islands

is also an interesting topic to cover for further research and include in set of input

parameters.

Scope. Increasing the resilience of energy systems is not only a technical task as the

interviews confirmed. A more holistic approach to the topic including social, politi-

cal, and institutional factors is needed. Considering local needs and power dynamics

is important to create and sustain resilient energy systems and their evolving bene-

fits for the communities. All these non-technical factors were not within the scope

of this research. As a result, the developed approach covers technical dimensions

only and should be seen and communicated accordingly.

Although there are limitations, the approach developed and results are sufficient to

legitimise and initiate further research in this direction. It has been shown that

resilient energy system planning is worthwhile to consider and should be further

researched. Basic assumptions made in this research led to reasonable COEs if

compared to other studies dealing with COE calculation of mini-grids in rural areas

in the Global South and on islands like those conducted by Zebra et al. (2021) or

Berendes et al. (2018) [124,125].





Chapter

5
Conclusion and Outlook

The final part of this thesis connects the results of both topics - climate change

risk assessment and resilient energy system planning for Southeast Asian islands -

and summarises the main findings. It looks back at the research questions posed at

the beginning of this thesis (Section 1) and gives a brief overview on the answers

found during the course of this research. Based on this, research and implementation

recommendations are defined.

5.1 Summary

Both core topics of this research are strongly connected: climate resilient energy

system planning is not possible without adequate climate change risk assessment,

and climate change risk assessment cannot provide benefits without resilient energy

system planning. For both topics, a large part of the work was data collection and

acquisition. To analyse climate change risks in the research area, suitable datasets

available for all countries to assess the main risks had to be identified and processed.

The missing data to support climate change resilient energy system planning in an

off-grid context led to the necessity to conduct expert interviews. After data acqui-

sition, both topics required different approaches and tools to be assessed. Climate

change risks were analysed by the application of QGIS and the statistical software R

together with basic Excel operations. The adaptation data was processed mainly by

calculating statistical parameters based on Excel. Finally, the results were applied

with HOMER to model common and resilient RE-diesel mini-grids for three case

study islands. To analyse the findings, an evaluation simulating the occurrence of

climate change induced threats in terms of frequency and severity was conducted.
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The detailed summary of results is following the structure of the research questions

posed.

Research Question 1: Which climate change risks affect Southeast Asian island

communities and their energy infrastructure and to what extent?

1.1 Which climate risks have an impact on island energy systems?

A literature review revealed four main climate change hazards impacting (island) en-

ergy systems, namely temperature increase, extreme weather events (e.g. cyclones),

fluctuation in precipitation patterns (leading to droughts and floods), and sea-level

rise (see Section 2.3.5). These hazards affect energy systems on different levels. Some

lead to direct damages on the energy system’s components, like storms or floods and

landslides caused by intense rainfalls, while temperature increase leads to higher

projected demands (e.g. caused by increasing cooling needs) and decreased system

efficiency. Sea-level rise might flood and damage system components close to shore-

lines or lead to higher salt-corrosion of equipment decreasing their lifetime. Within

this research, all four climate change risks were considered for further analysis.

1.2 Which of these climate change risks are occurring on Southeast Asian islands

and in what degree of intensity?

Climate change risk assessment for the study area of Southeast Asian islands con-

firmed that all of the above mentioned climate change hazards occur on Southeast

Asian islands (see Section 4.2). In order to reflect the risks and their intensity in

developed energy system modelling scenarios, a risk scaling based on the Likert scale

(1-5 from slight to severe risk) was applied. The scaling made the four assessed risks

with different units comparable. Projected temperature rise of the region’s islands

ranges from 0.98 °C to 1.48 °C. The majority of islands will face a temperature rise

between 1.3 - 1.4 °C. According to the selected approach to assess flood and drought

risk (based on the Hydrological Drought Index), flood risk dominates and occurs on

all islands ranging from slight to severe risk. However, most islands (7,671 out of

11,083) are facing a severe flood risk. Even though the majority of islands (6,717

out of 11,083 islands) shows no risk caused by sea-level rise, there are 4,366 islands

at risk from sea-level rise. For 880 islands, the situation is very dramatic as they

are likely to loose more than 80 % of their land area. All islands are affected by

cyclone risk. The majority (6,512 islands) will face up to 70 cyclones within a 50-

years-period. 464 islands are even projected to be challenged by 211 to 267 cyclones

within the same time period. These findings confirm that Southeast Asian island

communities are heavily affected by the impacts of climate change underlining the
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importance to implement adaptation measures for the communities and their critical

infrastructure.

1.3 Can climate change risk profiles and patterns be identified for these islands?

To detect climate change risk patterns of the Southeast Asian island landscape, a

cluster analysis was performed (see Section 4.2.5). Three risk clusters were deter-

mined reflecting similar risk patterns of islands within one cluster. The first cluster

groups 1,731 island together, which are heavily affected by cyclone risk. Islands

within this cluster are situated in the Philippines with some located on the central

East coast of Vietnam, the Andaman and Nicobar islands, East Timor, and islands

situated in South-Eastern Indonesia. The geographical grouping of islands within

Cluster 1 is visible and relates well with one of the seven global cyclone basins being

situated in Southeast Asia. Cluster 2 consists of 3,243 mostly small sized islands

affected by sea-level rise, flooding, and increasing temperatures (highest scoring com-

pared to other clusters) as well as cyclones (second highest scoring). Islands within

this cluster are projected to loose a mean value of 28 % of their land area due to

sea-level rise (compared to 3 % and 6 % of the other clusters). The small size of the

islands grouped within this cluster is characteristic and explains the high proportion

of land loss compared to the other clusters. The islands of Cluster 2 are mostly

situated along the coastlines of Myanmar and Thailand and are to a large extend

also part of the typical cyclone basin (outer zones) explaining their high cyclone

risk. With 6,109 islands, Cluster 3 groups the largest number of islands. Islands

within this cluster are situated in the central zones of Southeast Asia and show

low, but measurable risks for all considered climate change hazards. The applied

PAM method provided a characteristic medoid (island) for each cluster: The medoid

island for Cluster 1 is a rock island, situated close to the East coast of central Viet-

nam, Maygi Kyun in South-Western Myanmar is the medoid island of Cluster 2 and

medoid island of Cluster 3 is Bulon Pai, an island located in the Andaman Sea in

Southern Thailand. As the first and third medoid islands are not inhabited and

settlements are a crucial factor to assess demands and design energy systems, their

closest neighbour islands sharing a similar risk profile served as case study islands

for further analysis, namely Hon Son Cha (Cluster 1) and Bulon Don (Cluster 3).
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Research Question 2: How can these island communities be supplied by technically

resilient energy systems considering the identified climate risks?

2.1 Which technical measures can increase the resilience of island energy systems

to climate change and at what cost?

To facilitate the integration of climate change risk considerations into energy system

planning, measures to decrease the impacts of the defined hazards and related extra

investment costs to implement these measures were studied. The impacts on energy

systems were considered as damage of equipment causing repair needs and increased

cost over project lifetime and as increased electricity demand (base and peak loads)

as result of rising temperature. While literature review revealed a basic overview of

measures to increase the resilience of off-grid energy systems, there was no data on

cost structures or demand increase to guide their implementation. With the help

of empirical research (expert interviews), I confirmed the necessity to implement

climate change resilient energy system planning on Southeast Asian islands and

quantified the costs and demand increases to reflect climate change impacts in energy

system planning.

As a first result, the interviews showed the need to implement and anchor measures

on a social, political and technical level in order to increase the resilience of island

energy systems and to strengthen participatory approaches. One key result of the

interviews is a detailed overview of existing adaptation measures to protect energy

systems against current and future climate change hazards (see Appendix A.4).

Measures relate to one or more of the identified climate change risks and can be

applied to single components or the energy system as a whole. Another important

finding is the quantification of incremental investment costs to implement these

adaptation measures (see Table 4.4) and estimated demand increases (see Table 4.5).

According to the interviewees, measures to protect against cyclones are causing the

highest cost increase (ranging from 5 % to 22 %, mean value) followed by those

protecting against the impacts of floods (ranging from 3 % to 18 %, mean value).

Looking at the generation technologies, hydro (5 % to 18 %) and wind power (4 % to

14 %) require more additional investment to increase their resilience than solar (9 %

to 11 %) and diesel (5 % to 9 %) generation. Grid infrastructure is rated to lead to

the highest additional investment costs if protected against the impacts of cyclones

(22 %). These figures facilitate the assessment of projected investment costs for

resilient energy system planning. To reflect the impact of increasing temperature

on energy system planning, the respondents were also asked to rate the potential

increase of peak and base loads. Both were estimated to increase by 13 % (mean
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value), a detailed analysis of responses is shown in Table 4.5. This estimation enables

the adjustment of load profiles to reflect future demand growth caused by the impacts

of climate change and thus contribute to long-term system stability.

2.2 How can these measures and related costs be implemented in modelling re-

silient energy system scenarios?

In order to reflect these findings in energy system modelling, a translation of risk

data and integration of adjusted demand and investment costs is necessary. This is

the point where both core topics of my research - climate change risk assessment and

resilient energy planning - are merged. The general idea is to transfer site-specific cli-

mate change risks into common energy system modelling inputs. Therefore, cyclone,

sea-level rise, and flood risk are considered by adding investment costs to each system

component to protect these against the impact of each risk (adjusted CAPEX cost).

Increasing temperature is reflected by an increased load profile (climate demand).

Based on four different scenarios (BAU, BAU clim, Climate high, Climate all) as

described in Section 3.3.2, energy systems were simulated and optimised for three

different case study islands (determined in research question 1.3). The BAU clim

scenario represents business as usual planning in case of rising demands due to cli-

mate change (climate demand), the Climate high scenario considers measures to

reduce site-specific climate change impacts reflected by adjusted CAPEX with a

risk scale of 3-5 (moderate to severe risks) and the Climate all applies measures

for all occurring risks (scale 1-5, insignificant to severe risk). After analysing which

risks will be considered for the three case study islands, the respective extra in-

vestment costs as determined in the expert interviews (research question 2.1) are

applied. Each system component received an increased investment costs (to be cli-

mate resilient), which served as input parameter for energy system modelling within

HOMER. In addition, the demand was adjusted according to the demand increase

caused by rising temperatures as mentioned above (climate demand).

The three case study islands differ in their risk profile as well as in their general

characteristics: The first case study island Hon Son Cha (Vietnam) is a medium sized

and scarcely populated island with some touristic activity. Magyi Kyun (Myanmar) -

as second case study island - is a large island with a bigger settlement and agricultural

activity. The third case study island is the small sized island of Bulon Don (Thailand)

with no touristic or agricultural activity and a small settlement.

After modelling the energy systems for these case study islands according to the

above mentioned scenarios, the following findings became apparent:
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• COE comparison - BAU and climate demand: The overall system setup of the

BAU and BAU clim scenarios remains the same for the solar and battery ca-

pacities while demand is increasing (climate demand), which leads to the need

of higher diesel generator capacities, higher fuel consumption, and lower RE

shares. However, the COE develops differently for higher and lower demand

islands: The low demand on Hon Son Cha results in low electricity sales while

the cost distribution of the energy system shows a high proportion of cost for

general infrastructure like power house and grid (with 44 % the highest propor-

tion of all components). This results in an unfavorable proportion of NPV and

electricity sales, which is the basis for COE calculation. On Hon Son Cha, the

slightly higher demand in the BAU clim scenario is thus beneficial and causes

a lower COE for the BAU clim scenario (0.729 EUR/kWh) than for the BAU

scenario (0.749 EUR/kWh). The other two islands have a significant demand

and their cost distribution shows a lower proportion of overall infrastructure

cost (with approximately 5 % the lowest proportion of all components). Here,

the BAU scenario has lower COEs (0.427 EUR/kWh for Magyi Kyun and

0.403 EUR/kWh for Bulon Don) than the BAU clim scenario as the increased

demand leads to increased diesel consumption.

• COE comparison - Climate high and Climate all scenario: Due to sig-

nificant higher investment costs for the Climate all scenario, the COE for

all case study islands is slightly higher for the Climate all system than for

the Climate high scenario. However, the difference between both COEs de-

pends on the risk profile of each island and the extra investment costs that

need to be considered. They range from 0.028 EUR/kWh (Hon Son Cha) to

0.039 EUR/kWh (Magyi Kyun) and 0.023 EUR/kWh (Bulon Don).

• COE comparison - BAU and climate scenarios: For all islands, COEs of BAU

scenarios are lower than for the climate scenarios. If looking at the lowest

difference, they range from 0.08 EUR/kWh (Hon Son Cha) to 0.01 EUR/kWh

(Magyi Kyun and Bulon Don). If looking at the highest difference, they range

from 0.13 EUR/kWh (Hon Son Cha) to 0.05 EUR/kW (Magyi Kyun) and

0.04 EUR/kW (Bulon Don). Due to the comparatively small differences in

COEs between BAU and climate-resilient planning, the climate-resilient energy

system planning approach is particularly attractive for Bulon Don and Magyi

Kyun island.
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• COE comparison - all islands: There is a significant difference between COEs

of the islands. While Magyi Kyun and Bulon Don are within the same range

(approximately 0.4 - 0.5 EUR/kWh), Hon Son Cha has almost twice as high

COEs (0.7 - 0.9 EUR/kWh). This is explained by the high investment costs in

combination with low electricity sales on Hon Son Cha island. Economies of

scale do not apply to this island. Bulon Don has the lowest COEs of all islands

(0.024 - 0.04 EUR/kWh lower than Magyi Kyun island). The reason of slightly

lower COEs for Bulon Don can be detected in the cash flow model of Magyi

Kyun. The energy system on the island has higher proportional operation,

maintenance, and fuel costs than on Bulon Don island.

The analysis demonstrates the manageability of the approach as comprehensible

results were created. Integrating climate change risks into energy system planning

by considering these in the definition of common energy system modelling input

criteria is a viable and transferable approach.

2.3 Under what circumstances is resilient energy system planning beneficial?

To understand which conditions make resilient energy system planning viable, eval-

uation scenarios were defined. The aim is to compare both climate scenarios with

both BAU scenarios given the probability that climate change induced threats will

affect the BAU systems causing damage. The frequency as well as the severity of

damage was attempted to depict in the developed evaluation scenarios. Damage fre-

quency was set to every 5, 10, and 15 years of project duration and for each of these

cases, different severity of damage were applied (25 %, 50 %, 75 %, and 100 % of

damage for each system component). The evaluation showed two interesting facts:

In most cases both climate scenarios have lower COE than the calculated evalua-

tion scenarios making resilient energy system planning more viable if climate change

induced hazards are likely to occur. The lower the damage frequency in combina-

tion with less damage severity, the more likely the calculated evaluation scenarios

showed lower COEs than the climate scenarios, indicating BAU planning is more

viable (which is only the case for up to three of nine evaluation scenarios). The other

interesting fact is that the lower the frequency of damage, the less important is the

severity of damages. Evaluation calculation for varying diesel fuel prices revealed

that higher diesel prices show a trend in favor of resilient energy system planning.

In addition, COEs for the same damage frequency are less scattered for lower diesel

prices meaning that the difference between COEs for various severity of damages is

less. In the following the main results per island are summarised.
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• Hon Son Cha: For eight out of nine (BAU demand) and six out of nine (Cli-

mate demand) cases, the climate scenarios shows lower COEs than the evalua-

tion scenarios making climate resilient energy system planning more viable in

climate change threatened areas like Hon Son Cha island. The pattern of lower

COEs for the BAU clim than for the BAU scenario persists for all evaluation

scenarios.

• Magyi Kyun: On Magyi Kyun island, the Climate high scenario has the lowest

COE when compared to the evaluation scenarios and only three evaluation

scenarios (E10,25, E15,25, and E15,50) have lower COEs than the Climate all

scenario. Climate resilient energy system planning is thus highly feasible on

the island. In case of a critical climate change induced incident happening

every 10 years or more frequently, climate resilient energy planning is in general

economically more viable. If damage is happening less frequent it depends on

the projected degree of damage: the higher the degree of damage, the more

reasonable it is to integrate climate change considerations into energy system

planning from the very beginning.

• Bulon Don: On the third case study island, only one evaluation scenario

(E15,25) shows lower COEs than one of the climate scenarios (Climate all). If

damages are occurring every 15 years or less often, destroying approximately

25 % of the equipment, BAU system planning is more reasonable than climate

resilient planning. In all other cases it is recommended to follow a climate

resilient energy system planning approach.

Climate resilient energy system planning reduces the likelihood of power outages due

to disturbances caused by climate related shocks and stresses. It thus minimises the

losses associated with these outages. Comparing the difference in investment costs

between BAU and climate resilient planning to the estimated costs of power outages

on the case study islands, resilient energy system planning is more feasible if outages

of 23 to 66 days occur on the islands. According to the interviewees, these outage

times are not rare cases.

The evaluation highlights that most disruptions of the energy system will have a very

strong economic impact leading to high electricity prices in the long run. For the

majority of the evaluated cases, resilient energy system planning proofs to be viable.

In areas where climate change impacts are expected to be frequent and/or severe,

planning for a climate-resilient energy systems not only has economic benefits, but
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the positive impacts of electrification on communities are more likely to persist in

the face of climate change.

5.2 Research and Implementation Recommendations

Some of the limitations identified for this research as well as the idea to transfer the

applied research to other regions heavily threatened by climate change results in the

definition of further research needs that are listed within this section. Recommen-

dations are also provided on how to put the results of this research into practice.

Climate Change Risk Assessment

Climate change risk assessments are a complex task and many climate change im-

pacts interrelate with each other. The assessment conducted in this research serves

as first attempt to understand the risk profiles of Southeast Asian island commu-

nities. A more detailed climate change risk analysis is recommended which shall

include:

• The effect of seasonality for assessing temperature rise, flood and drought risk,

• The impact of topography, soil and vegetation on flood and drought risk,

• The assessment of site specific landslide risk based on topography, soil and

flood risk, and

• The assessment and comparison of sea-level rise risk based on different sea-level

rise projections, data, and currently updated elevation models (CoastalDEM,

December 2021) to improve accuracy.

Most datasets applied are based on RCPs (temperature, precipitation, sea-level rise

projection). Therefore, the inclusion and selection of data based on various RCPs

opens a more holistic approach and assessment of what will happen, if certain climate

agreements and goals are not achieved and will - most likely - underline the urgency

to act. The climate change risk assessment conducted in this research is based

on data and models developed for and applied in IPCC’s Fifth Assessment Report

(2014). Over the course of my research, the Sixth Assessment Report got published

(2022) and might provide additional insights and updated projections relevant for

further analysis, even though RCPs remained the same.



124 Chapter 5 Conclusion and Outlook

An impact assessment of the analysed hazards on the islands facilitates a more

appropriate scaling and weighting. This may lead to the definition of more reasonable

evaluation scenarios considering the different nature and consequences of cyclones,

sea-level rise, temperature increase, flood, and drought risk for island communities

and their energy systems.

Resilient Energy System Modelling

The energy system modelling and evaluation is based on mean values derived from

the expert interviews. It is recommended to calculate and compare modelling and

evaluation results for other ranges of adjusted CAPEX and demand input (e.g. top

third values, majority mean value, minimum, and maximum values) to create a

more holistic picture. It is also beneficial to implement a second round of interviews

and link identified adaptation measures directly to expected extra investment costs

and receive feedback from a wider range of interviewees. In addition, a detailed

sensitivity analysis of all input criteria is recommended. For further analysis, a

deeper knowledge of local needs and demands is also recommended to optimally

design and model the island energy systems.

Scope Extension & Transferability

The general approach of this research is transferable to other regions for the following

reasons. The data used for the climate change risk assessment is part of global

datasets and thus available for other regions. The energy system modelling input

parameters as derived from the expert interview, however, are only transferable to a

limited extent. Most interviewees are experts for energy systems in Southeast Asia

and their regional characteristics. Thus, the interviews have to be extended to other

regions and interviewees with similarly diverse backgrounds. While working on this

thesis and speaking to many experts, the need for a solid database as well as for a

convenient tool to integrate climate change risk considerations into off-grid energy

system planning became apparent. The first step should be to create a (global)

database for suitable adaptation measures linked to one or multiple climate change

hazards and related extra investment costs to implement these. At the same time,

the database could serve as monitoring and evaluation tool where practitioners are

able to enter their experiences and recommendations. This enables global learning

and experience sharing and will fill - step by step - the existing data gap. In a

second step, functions to enable the integration of these measures in energy system

modelling tools are necessary. It is recommended to integrate e.g. check-boxes to

select different measures to increase resilience and provide economic default data to
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consider these or the option to include potential damages in sensitivity analyses for

common energy system modelling tools.

Recommendations to Policy Makers and Implementers

With exacerbating climate change, consideration of this change will become increas-

ingly important for energy system planning. This research suggest that implemen-

tation of the developed approach will be beneficial for areas at high risk of climate

change impacts. Energy system planning needs to become a multi-sectoral approach

that considers the various impacts of climate change on communities and their infras-

tructure. Policy makers and energy planners should take these findings into account

and create an enabling framework. Incorporating climate change considerations into

energy system planning must be approached from multiple angles:

• A mandatory climate change risk assessment, embodied in energy system plan-

ning standards and guidelines, can provide an overview of site-specific risks and

guide the selection of appropriate mitigation measures.

• Adapting energy systems to site-specific risk profiles is costly and requires

additional funding. Therefore, climate-resilient energy systems require the

implementation of specific financial support programs, as they only pay off on

the long run.

• Initial energy infrastructure is often supported in whole or in part by public

investment and financing. Therefore, policymakers have the opportunity to set

the rules for public procurement for such systems and incorporate appropriate

adaptation requirements.

• It is also recommended that climate change considerations be incorporated

into energy system planning tools to address the specific long-term value of

resilient energy systems as opposed to commonly applied least-cost planning

to mainstream resilient energy system planning and facilitate decision-making.

These initial steps will provide the foundation for climate-resilient energy system

planning in the off-grid sector and support the further development of holistic in-

frastructure planning.
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5.3 Final Statement

The research aim to enable climate change resilient off-grid energy system planning

was achieved by developing and applying a first approach based on literature re-

view, data analysis and empirical research. Four different climate change induced

risks were identified to impact current and future energy systems and were consid-

ered for further analysis. Climate change risk assessment showed significant risks

for Southeast Asian islands, their communities and (future) energy systems. Cli-

mate change risks vary within the region, but patterns and characteristics can be

detected: there is a strong geographically assignable risk for cyclones, a high sea-

level rise risk for smaller islands (loosing higher percentages of land) or higher flood

risk for islands outside of tropical rainforest climate classifications. Site-specific cli-

mate change risk profiles and scales were obtained for all islands included in this

analysis. After this, a list of adaptation measures and related extra investment

costs to reduce the impacts of site-specific climate change risks on off-grid energy

systems as well as climate change adapted demand structures were compiled based

on the expertise of people interviewed. Energy modelling scenarios were developed

to reflect different degrees of climate resilient planning and enable the comparison

with BAU planning. These scenarios were calculated for three case study islands

being representative for three different climate change risk cluster. Evaluation of

these scenarios showed that climate resilient energy system planning is viable for

most cases. The higher the frequency and severity of damages, the more feasible

becomes climate resilient system planning. This research creates a first overview of

potential benefits and applicability of resilient energy system planning and provides

an approach to integrate climate change risk analysis into energy system planning.

However, further research on this topic remains necessary to validate, strengthen and

mainstream the developed approach. Results underline the importance of climate

risk assessment and resilient energy system planning for a climate change threat-

ened region like Southeast Asia. The approach developed improves the long-term

reliability of energy supply to Southeast Asian island communities, increasing their

overall resilience.
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I would like to thank Moritz Krüger for his emotional support and backing as well

as endless reading and commenting! For great fellow-PhD companionship I would

like to thank Zakia Soomauroo. I am especially grateful to Clara Jütte, Ulli Lich,
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Appendix

A
Appendix

A.1 Island Case Study Review

I started my research in analysing the research gap. I found literature stating the

missing link between energy planning and climate change impact (e.g. [14,22]). Fo-

cusing on Southeast Asian islands, I wanted to crosscheck this statement in analysing

case studies for this region and quickly found the hypothesis confirmed. Out of 17

island electrification case studies, only one – Surawak State - mentions the topic

climate change, but only the mitigation potential of switching to renewable energy

sources [127]. For the studies I identified, climate change induced impacts are not

considered in energy planning and the optimization is mostly based on a least cost

approach. For this literature review, I screened scientific publications and grey lit-

erature for island case studies in Southeast Asia dealing with island electrification.

The selection was based on the following keyword search:

• ”Southeast Asia” and “Island(s)” as decisive criteria

• ”Energy access” and/or “power supply”

I limited the search to Science Direct and found for the combination “Southeast

Asia”, “island(s)” and “energy access” 61 matching papers and for “power supply”

299. In order to evaluate current energy planning for Southeast Asian islands, I

further narrowed the selection down to case studies focusing on electrification. The

criteria here were to select the case studies giving an overview on concrete locations

(islands, villages etc.) and to give basic information on current or planned energy

supply. I thus identified 5 studies including 13 cases (locations) out of the previously

screened papers (abstract reading and keyword search). I also included 4 additional

cases from my personal project experience in Thailand. A detailed overview of all

included case studies in given in the tables below.
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Table A.1: Overview of island case studies identified in literature review, part I

INDONESIA

Name Size Location Type of electric-

ity access

Current power

source

Source

Curugagung

Village

121 HHs -6.627132,

107.682756

Mini-grid and

grid

Hydro power

and grid [128]

Dompyong

Village

40 HHs -7.92623,

111.7078

Mini-grid and

grid

Hydro power

and grid [128]

Seloliman

Village

45 HHs -7.5955,

112.59304

Mini-grid and

grid

Hydro power

and grid [128]

Santong

Village

N/A -8.39427,

116.34265

Mini-grid and

grid

Hydro power

and grid [128]

Salido-Kecil

Village

20 HHs -1.24801,

100.64217

Mini-grid and

grid

Hydro power

and grid [128]

Kabupaten

Mojokerto

Village

25 HHs -7.59722,

112.58249

Mini-grid and

grid

Hydro power

and grid [128]

Sumba

Island,

Bakuhau

305 HHs -9.69934,

119.97405

Mini-grid and

grid

Hydro power

and grid [128]
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Table A.2: Overview of island case studies identified in literature review, part II

MALAYSIA

Name Size Location Type of electric-

ity access

Current power

source

Source

Juara

village

30

chalets

2.796247,

104.203634

N/A N/A

[129]

Pulau

Perhentian

N/A 5.90097,

102.75147

Mini-grid 200 kW diesel

generator [129]

Terumbu

Layang

N/A 7.3736,

113.82872

Mini-grid 150 kW wind

turbine [129]

Sarawak

State

2.47 mil.

people

1.55327,

110.35921

Grid Diesel, coal,

natural gas and

hydro power

[127]

PHILIPPINES

Name Size Location Type of electric-

ity access

Current power

source

Source

Pangan-an

island

375 HHs 10.220132,

124.039032

Mini-grid and

private diesel

generators

PV, diesel and

battery [130]
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Table A.3: Overview of island case studies identified in literature review, part III

THAILAND

Name Size Location Type of electric-

ity access

Current power

source

Source

Bulon Don

island

81 HHs 6.856191,

99.593076

SHS and private

HH diesel gener-

ators

PV, diesel,

battery [131]

Bulon Lae

island

79 HHs,

11

resorts

6.829273,

99.535025

SHS and private

HH diesel gener-

ators

PV, diesel,

battery [131]

Jik island 400

people

12.292714,

102.238743

Mini-grid PV, diesel,

battery [133]

Mak Noi

island

250 HHs 8.287294,

98.586723

SHS and private

diesel mini-grids

PV, diesel,

battery [121]

TIMOR-LESTE

Name Size Location Type of electric-

ity access

Current power

source

Source

Suro Craic

Village

350 HHs -9.059372,

125.545073

SHS and

private diesel

generators

PV and diesel

[132]
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A.2 Digital Files

Under the following link, the accompanying digital files important to understand

and follow this research, is provided:

https://dataverse.harvard.edu/dataverse/ResEnergySEA

They are divided by the two overarching topics of this research (I: Climate change

risk assessment and II: Resilient energy system planning) and include:

• QGIS, R and Excel files supporting the climate change risk assessment (I),

• Expert interview evaluation documents (II),

• HOMER files to all modelled scenarios for three case study islands and input

parameter tables (II), and

• Excel files of evaluation scenarios for three case study islands (II).

The data and files are published on Harvard Dataverse under Creative Commons

Zero (“CC0”). For citation, a DOI is provided.

https://dataverse.harvard.edu/dataverse/ResEnergySEA
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A.3 Interview Guidelines

A.3.1 Experts

Group “experts” 
 

INTRODUCTION 
- Brief introduction of Katrin and Tim 
- Introduction of research we are working on 
- SHOW PRESENTATION 

o The interview takes place in the framework of a research project at Reiner 
Lemoine Institut, which is a leading research institute in the area of 
implementing RE worldwide 

o The name of the research project is „Increasing Climate resilience of island 
communities in Southeast Asia“ 

o The overall aim of the research project is to study the increase in climate 
resilience of island communities in Southeast Asia by providing reliable access 
to electricity.  

o The objective of this interview is to identify impacts and appropriate 
adaptation measures to improve the design of energy systems with regard to 
impacts of climate change 

 
- I would like to say a few words about the structure of the interview. 
- The interview will have three parts. The three parts have different kinds of 

questions and at the beginning of each part I will explain the specifics in more detail. 
 

- We try to keep the interview duration to one hour. However, the exact duration 
depends a bit on the length and detail of each answer. That is why we quickly want 
to crosscheck your time availability, for better time keeping. When do you need to 
leave the interview latest? 

 
- Before we proceed onto the first question, in which I will ask you to introduce 

yourself, I would like to ask for your permission to record this interview. The 
recordings will in no way be made public. This will allow us a detailed analysis of the 
outcomes. Do you feel comfortable with this?  

- START RECORDING 
- Confirm recording and can you be quoted? 
- Furthermore, I would like to point out that you may withdraw from this interview at 

any time.  

- Do you have any questions? If you are ready, I would like to start with the first 
question?  
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INTERVIEW QUESTIONS – PART A 
 
For the very first question, I would like to briefly ask you introduce yourself. 
 
[Introduction part A] 
In this first part of the interview, we would like to ask you some broadly framed questions to 
gain fundamental insights into the research subject. You may take time to answer the 
questions comprehensively. 
 
A.1 What is your view of climate change impacts on energy systems on Southeast Asian 
islands? 
 
A.2 
Do you know of projects that incorporate considerations regarding the risk of climate change 
into off-grid energy system planning?  

[if yes:] A.2.1 How do these projects incorporate the risk of climate change into off-
grid energy system planning? 

 

RISK ASSESSMENT  
 
A.3 Based on your experience what kind of climate change risk assessment is currently 
applied in the context of off-grid energy system planning? 

[follow-up: ] A.3.1 Do you think this is sufficient? 
[if no:] A.3.2 From your point of view, what are the reasons for the insufficient risk 
assessment? 

 
A.4 Based on your experience what kind of climate change risk assessment should ideally be 
applied in the context of off-grid energy system planning? 
 

IMPACT AND ADAPTATION MEASURES  
 
A.5 In your opinion, what kind of measures have the potential to reduce climate change risks 
of off-grid energy systems? (if not included in answer, ask technical measures) 
 
A.6 What are the technical and economic limits to implement these measures? 
 
A.7 In your point of view, what are the effects of climate change on the demand? (load 
curve) 

[follow-up: ] A.7.1 Are these effects currently considered in energy system planning? 
[if no:] A.7.2 Should these effects be considered in energy system planning? 

 
A.8 In your point of view, what are the effects of climate change on power generation?  

[follow-up: ] A.8.1 Are these effects currently considered in energy system planning? 
[if no:] A.8.2 Should these effects be considered in energy system planning? 
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INTEGRATION OF CLIMATE RESILIENCE IN SYSTEM PLANNING  
 
A.9 Based on your experience, what are ways to measure and evaluate climate resilience of 
energy systems? 
 
A.10 Do you think it is possible to formulate an economic value for climate resilience? 

[example] 
insurances: cost for insuring the energy system 

 
A.11 In your view, how do we establish and mainstream the integration of climate resilience 
considerations in energy system planning? 
 

Closed-Ended Questions – Part B 

 
We have now arrived at part B of the interview, in which we would like to gain deeper 
insights into selected aspects of the research subject. In order to gain a holistic 
understanding of the subject at hand we will ask a series of specific question considering 
different components of the energy system. 

 

Adjusted Component Prices 
 
In this section we would like you to estimate the additional investment cost required to 
ensure climate resilience of each individual component. Under the precondition that a certain 
risk category is relevant in a region, please rank the change in initial investment cost required 
for each of the following components according the given options.    
 
B.3 How would you estimate the additional investment cost for: 
 
B.3.1 solar generation 
  
 
 
 
 
B.3.2 hydro generation 
 
 
 
 
 
B.3.2 wind generation 
 
 
 
 
 
 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

x 
storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 
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B.3.3 diesel generator 
 
 
 
 
 
B.3.5 grid 
 
 
 
 
 
B.3.6 power house 
 
 
 
 
 
B.3.7 inverter 
 
 
 
 
 
 
B.3.8 batteries 
 
 
 
 
 
 
For the following section we would like to ask you for an estimation 
 
B.3.8 How would you estimate the average additional investment cost for a decentral 
system setup as opposed to a central system set up? 
 
B.3.9 How would you estimate the additional investment cost for the integration of 
emergency point infrastructure? 
 
B.3.10 Are there any additional investment costs that are not covered by the components 
listed before?  

[If yes:] Please describe in detail. 
 

 

 
 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 
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Adjusted Demand/Generation 
 
In the next section we would like you to give estimations on the effect of climate change on 
the power demand and power generation. Please choose one of the given answer options. 
 
B.4 How would you estimate the change in the base load due to climate change effects 
within the next 30 years?  
 
 
 
 
B.5 How would you estimate the change in peak load due to climate change effects within 
the next 30 years?  
 
 
 
 
B.6 How would you estimate the change in efficiency of the energy system due to climate 
change effects within the next 30 years?  
 
 
 
 
B.7 How do you think the required days of autonomy of the energy system will change over 
the next 30 years? 
 

 

 

INTERVIEW QUESTIONS – PART C (Comparison) 
 
We have reached the last section of the interview. In this section we would like you to rank 
four statements. For any of the questions it also fine to not give an answer at all. 
 
C.1 From your point of view, how important is access to reliable electricity supply for 
increased resilience for the island communities? 
 
 
 
 
C.2 From your point of view, how strong are the impacts of climate change on energy 
systems on Southeast Asian islands? [only ask if details were given in B.7] 
 
 
 
 
C.3 To which degree are climate change impacts currently integrated in energy system 
planning? 
 

Very important || important || moderately important || slightly important || not important no answer 

Very strong impact || strong impact || moderate impact || slightly impact || no impact no answer 

Very high degree || high degree || moderately degree || slightly degree || no degree no answer 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 
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A.3.2 Technology provider

Group “project developer/ utilities (energy cooperatives)/ technology 
provider” 
 

INTRODUCTION 
- Brief introduction of Katrin and Tim 
- Introduction of research we are working on 
- SHOW PRESENTATION 

o The interview takes place in the framework of a research project at Reiner 
Lemoine Institut, which is a leading research institute in the area of 
implementing RE worldwide 

o The name of the research project is „Increasing Climate resilience of island 
communities in Southeast Asia“ 

o The overall aim of the research project is to study the increase in climate 
resilience of island communities in Southeast Asia by providing reliable access 
to electricity.  

o The objective of this interview is to identify impacts and appropriate 
adaptation measures to improve the design of energy systems with regard to 
impacts of climate change 

 

- I would like to say a few words about the structure of the interview. 
- The interview will have three parts. The three parts have different kinds of 

questions and at the beginning of each part I will explain the specifics in more detail. 
 

- We try to keep the interview duration to one hour. However, the exact duration 
depends a bit on the length and detail of each answer. That is why we quickly want 
to crosscheck your time availability, for better time keeping. When do you need to 
leave the interview latest? 

 

- Before we proceed onto the first question, in which I will ask you to introduce 
yourself, I would like to ask for your permission to record this interview. The 
recordings will in no way be made public. This will allow us a detailed analysis of the 
outcomes. Do you feel comfortable with this?  

- START RECORDING 
- Confirm recording and can you be quoted? 
- Furthermore, I would like to point out that you may withdraw from this interview at 

any time.  
Do you have any questions? If you are ready, I would like to start with the first question?  



156 Chapter A Appendix

INTERVIEW QUESTIONS - PART A 
 
For the very first question, I would like to briefly ask you introduce yourself. 
 
[Introduction part A] 
 
In this first part of the interview, we would like to ask you some broadly framed questions to 
gain fundamental insights into the research subject. You may take time to answer the 
questions comprehensively. 
 
A.1 From your point of view, what are the main challenges in energy system planning, which 
are a result of climate change? 
 
A.2 Do you have experience with projects in which damages of energy system components 
or economic losses in general could directly be linked to climate change?  

[If yes:] A.2.1 Please give an overview.  
 
A.3 Are you currently including climate change in energy system planning? 

[If yes:] A.3.1 Please give an overview. 
[follow-up A.3.1.1] Do you think this is sufficient? 
[If no:] A.3.1.2] In your opinion, what are the barriers of sufficiently including 
climate change in energy system planning? 

[If no:] A.3.2 In your opinion, why is climate change currently not included in energy 
system planning at your company? 

 
A.4 In your opinion, what kind of measures have the potential to reduce climate change risks 
on off-grid energy systems?  

[if not included in answer, ask technical measures] 
 
A.5 What are the technical and economic limits to implement these measures? 
 
A.6 From your point of view, what are possible effects of climate change on the power 
demand? / change in operation of technical devices 

[specification] 
What change in the operation of technical devices do you expect? 

[if not included in answer, ask about base load] 
[if not included in answer, ask about peak load] 

 
A.7 From your point of view, what are possible effects of climate change on power 
generation? 
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INTERVIEW QUESTIONS - PART B 
 
We have now arrived at part B of the interview, in which we would like to gain deeper 
insights into selected aspects of the research subject. In order to gain a holistic 
understanding of the subject at hand we will ask a series of  specific question considering 
different components of the energy system. 

 
[introduction] 
Based on what you have reported earlier, I would like to go into more detail about the 
environmental impacts on the energy system on the island.  
 
B.1 Do you have experience with or information on climate change related damages of the 
energy system 
 
 
     B.2 
 
 
B.1.1 Do you have experience with damages effecting solar power generation? 
 
 
B.1.2 Do you have experience with damages effecting hydro power generation? 

 

 
B.1.3 Do you have experience with damages effecting wind power generation? 
 
 
  

Follow up questions F.1 – F.7 
F.1 In what way was the component damaged? 
F.2 What was the cause of the damage? 
F.3 Where you able to repair the damage? 

If yes: F.3.1 What was the cost of the repair? 
F.4 Was a replacement required? 

If yes: F.4.1 What was the cost of the replacement? 
F.5 Did you change the system design as a consequence? 

If yes: F.5.1 What was the cost of the system adjustment? 
F.6 What was the financial loss as a result of the damage? 
F.7 How long did it take until the system was back to normal operation? 

     Yes                  No F.1 – F.7      Yes  

     Yes                  No F.1 – F.7      Yes  

     Yes                  No 

     Yes                  No F.1 – F.7      Yes  



158 Chapter A Appendix

 
B.1.4 Do you have experience with damages effecting the diesel generator? 

 

 
B.1.5 Do you have experience with damages effecting the battery storage? 
 
 
 

B.1.6 Do you have experience with damages effecting the grid?  
 
 
 
B.1.7 Do you have experience with damages effecting the inverter? 
 

 
B.1.8 Do you have experience with damages effecting the power house? 
 
 
 

Follow up questions F.1 – F.7 
F.1 In what way was the component damaged? 
F.2 What was the cause of the damage? 
F.3 Where you able to repair the damage? 

If yes: F.3.1 What was the cost of the repair? 
F.4 Was a replacement required? 

If yes: F.4.1 What was the cost of the replacement? 
F.5 Did you change the system design as a consequence? 

If yes: F.5.1 What was the cost of the system adjustment? 
F.6 What was the financial loss as a result of the damage? 
F.7 How long did it take until the system was back to normal operation? 

     Yes                  No F.1 – F.7      Yes  

     Yes                  No F.1 – F.7      Yes  

     Yes                  No F.1 – F.7      Yes  

     Yes                  No F.1 – F.7      Yes  

     Yes                  No F.1 – F.7      Yes  
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Adaptation Measures  
 
Based on what you have described in the previous section of the interview, we would like to 
dive deeper into possible adaptation measures regarding climate change. 
 
B.2 Do you have experience with or information on adaptation measures to increase the 
energy systems’ climate resilience within your projects? 
 
 
     B.3 
 
 
B.2.1 Do you have experience with adaptation measures regarding solar generation? 
 
 
B.2.2 Do you have experience with adaptation measures regarding wind generation? 
 
 
B.2.3 Do you have experience with adaptation measures regarding diesel generation? 
 
 
B.2.4 Do you have experience with adaptation measures regarding the hydro generation? 
 
 
B.2.5 Do you have experience with adaptation measures regarding the grid? 
 
 
B.2.6 Do you have experience with adaptation measures regarding the power house? 
 
 
B.2.7 Do you have experience with adaptation measures regarding the inverter? 
 
 
B.2.8 Do you have experience with adaptation measures regarding the batteries? 
 
  

Follow-up questions G.1 – G.4 
[make note of all given technical measures to be able to specify] 
G.1 Which technical measures exist? 
[specify for each measure] 
G.2 When should this measure be applied? 
G.3 Which challenge does it solve? 
G.4 What is the cost of the measure? 

     Yes                  No 

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  

     Yes                  No G.1 – G.4      Yes  
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Adjusted Component Prices 
 
In this section we would like you to estimate the additional investment cost required to 
ensure climate resilience of each individual component. Under the precondition that a certain 
risk category is relevant in a region, please rank the change in initial investment cost required 
for each of the following components according the given options.    
 
B.3 How would you estimate the additional investment cost for: 
 
B.3.1 solar generation 
  
 
 
 
 
B.3.2 hydro generation 
 
 
 
 
 
B.3.2 wind generation 
 
 
 
 
 
B.3.3 diesel generator 
 
 
 
 
 
B.3.5 grid 
 
 
 
 
 
B.3.6 power house 
 
 
 
 
 
B.3.7 inverter 
 
 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 
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B.3.8 batteries 
 
 
 
 
 
B.3.9 How would you estimate the average additional investment cost for a decentral 
system setup as opposed to a central system set up? 
 
B.3.10 How would you estimate the integration of emergency points emergency point? 
 
B.3.11 Are there any additional investment costs that are not covered by the components 
listed before?  

[If yes:] Please describe in detail. 
 

Demand and Generation 
 
In the next section we would like you to give estimations on the effect of climate change on 
the power demand and power generation. Please choose one of the given answer options. 
 
B.4 How would you estimate the change in the base load due to climate change effects 
within the next 30 years?  
 
 
 
 
B.5 How would you estimate the change in peak load due to climate change effects within 
the next 30 years?  
 
 
 
 
B.6 How would you estimate the change in efficiency of the energy system due to climate 
change effects within the next 30 years?  
 
 
 
 
B.7 How do you think the required days of autonomy of the energy system will change over 
the next 30 years? 
 

  

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

up to 5% | up to 10% |up to 15% | up to 20% | >20%   Decrease| Increase No Change 

no answer | no increase | up to 10% | up to 20% |up to 30% | up to 40% | >40%   

storms 
sea level rise 

precipitation 
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A.3.3 Island community

Group “island community” 
 

INTRODUCTION 
- Brief introduction of Katrin and Tim 
- Introduction of research we are working on 
- SHOW PRESENTATION 

o The interview takes place in the framework of a research project at Reiner 
Lemoine Institut, which is a leading research institute in the area of 
implementing RE worldwide 

o The name of the research project is „Increasing Climate resilience of island 
communities in Southeast Asia“ 

o The overall aim of the research project is to study the increase in climate 
resilience of island communities in Southeast Asia by providing reliable access 
to electricity.  

o The objective of this interview is to identify impacts and appropriate 
adaptation measures to improve the design of energy systems with regard to 
impacts of climate change 

 
- I would like to say a few words about the structure of the interview. 
- The interview will have three parts. The three parts have different kinds of 

questions and at the beginning of each part I will explain the specifics in more detail. 
 

- We try to keep the interview duration to one hour. However, the exact duration 
depends a bit on the length and detail of each answer. That is why we quickly want 
to crosscheck your time availability, for better time keeping. When do you need to 
leave the interview latest? 

 
- Before we proceed onto the first question, in which I will ask you to introduce 

yourself, I would like to ask for your permission to record this interview. The 
recordings will in no way be made public. This will allow us a detailed analysis of the 
outcomes. Do you feel comfortable with this?  

- START RECORDING 
- Confirm recording and can you be quoted? 
- Furthermore, I would like to point out that you may withdraw from this interview at 

any time.  
Do you have any questions? If you are ready, I would like to start with the first question? 
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INTERVIEW QUESTIONS - PART A 
 
For the very first question, I would like to briefly ask you introduce yourself. 
 
[Introduction part A] 
In this first part of the interview, we would like to ask you some broadly framed questions to 
gain fundamental insights into the research subject. You may take time to answer the 
questions comprehensively. 
 
A.1 What environmental impacts do you observe on the island? 
[clarification if required]   

For example impacts due to… 

 Strong winds and storms 

 Heavy rain 

 Exceptionally high temperatures 

 Exceptionally low temperatures 

 Sea-Level Rise 

 Rising tides 

 Dry periods 

 Others (please specify) 
 
A.2 What are the main challenges that arise from the environmental impacts that you have 
described? 
 
A.3 In which way do environmental impacts affect the energy system on the island? Please 
explain in detail. 
 
A.4 In what way is energy generated on your island?  
 
 
 
 
A.5 Roughly how many households used the energy system? 
______________________________________________________  
  

only RE || diesel and RE || only diesel || SHS 
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INTERVIEW QUESTIONS - PART B 
 

CLIMATE CHANGE IMPACTS  
[introduction] 
Based on what you have reported, I would like to go into more detail about occurring impacts 
of the environment. 
The following part of the interview will contain a combination of primary questions and 
follow-up questions. The primary questions are yes/no questions. For each follow-up 
questions five answers to choose from are given.  
 
B.1 Do strong storms occur on the island? 
 
 
 

[if yes: follow-up question B.1.1, if no continue with B.2] 
B.1.1 How often do strong storms occur? 
Please choose one of the following answers: 

 
 
 

[follow-up question] 
B.1.2 In the last 10 years, have you noticed a change in the frequency with which 
storms occur? 
Please choose one of the following answers: The frequency, with which storms occur 
has… 

 
 
 
 
B.2 Does it happen that parts of the island are flooded? 
[clarification if required] 
Definition of flooding: covering or submerging of normally dry land with a large amount of 
water 
 

 
 

[if yes: follow up question B.2.1, if no continue with B.3] 
B.2.1 How often are parts of the island flooded? 
Please choose one of the following answers: 

 
 
 

[follow-up question] 
B.2.2 In the last 10 years, have you noticed a change in the frequency with which 
floods occur? 
Please choose one of the following answers: The frequency, with which floods occur 
has… 

 

more than every 5 years || every 3-5 years || every 1-2 years || every year || less than one time a year 

decrease || remained roughly the same || increased 

Yes          ||          No 

Yes          ||          No 

more than every 5 years || every 3-5 years || every 1-2 years || every year || less than one time a year 

decrease || remained roughly the same || increased 
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B.3 Do you experience periods of dry weather on the island, which are causing fresh water 
scarcity or agricultural challenges? 
 
 

 
[if yes: follow-up question B.3.1, if no continue with B.4] 
B.3.1 How often do you face the problem of insufficient clean water? 
Please choose one of the following answers: 
 

 
 

[follow-up question] 
B.3.2 In the last 10 years, have you noticed a change in the frequency with which 
periods with dry weather occur 
Please choose one of the following answers: The frequency, with which periods of dry 
weather occur has… 

 
 
 
 
B.4 Based on your experience, is there an increase in extreme temperatures? 

 
 
 
[if yes: follow-up question B.4.1, if no continue with B.5] 
B.4.1 How often do you face extreme temperatures? 
Please choose one of the following answers: 

 
 
 
 
B.5 Has the sea level /tide changed (e.g. within the last 10 years)? 

 
 
 
[if yes: follow-up question B.5.1, if no continue with B.6] 
B.5.1 Can you give an estimation how much?  

 ______________________________________________________ 
 
 
 
 
 
 
 
 

Yes          ||          No 

more than every 5 years || every 3-5 years || every 1-2 years || every year || less than one time a year 

decrease || remained roughly the same || increased 

Yes          ||          No 

more than every 5 years || every 3-5 years || every 1-2 years || every year || less than one time a year 

Yes          ||          No 
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B.6 Are there times in which it is not possible to leave the island because of the weather 
conditions? 
 

 
 
[if yes: follow-up question B.6.1, if no: continue with introduction B] 
B.6.1 How often does it happen, that you are not able to leave the island because of 
weather conditions? 
Please choose one of the following answers: 

 
 

 
B.6.2 Do you have the feeling that the frequency of times when it is not possible to 
leave the island by boat is increasing? 

  

more than every 5 years || every 3-5 years || every 1-2 years || every year || less than one time a year 

Yes          ||          No 

Yes          ||          No 
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CLIMATE CHANGE IMPACTS ON ENERGY SYSTEMS – B 
[introduction] 
Based on what you have reported earlier, I would like to go into more detail about the 
environmental impacts on the energy system on the island.  
 
B.7 Do you have experience with or information on climate change related damages of the 
energy system 
 
 
 
[If yes:] 

B.7.1 Do you have experience with damages effecting solar power generation? 
 
 
 
[If yes: ask the follow up questions F.1 – F.7 (at the bottom of the page), if no: continue with 
B.7.2] 
 
B.7.2 Do you have experience with damages effecting hydro power generation? 

 

 
[If yes: ask the follow up questions F.1 – F.7, if no: continue with B.7.3] 
 
B.7.3 Do you have experience with damages effecting wind power generation? 
 
 
 
[If yes: ask the follow up questions F.1 – F.7 if no: continue with B.7.4] 
 

B.7.4 Do you have experience with damages effecting the diesel generator? 

 

 
[If yes: ask the follow up questions F.1 – F.7 if no: continue with B.7.5] 
  

Follow up questions F.1 – F.7 
F.1 In what way was the component damaged? 
F.2 What was the cause of the damage? 
F.3 Where you able to repair the damage? 

If yes: F.3.1 What was the cost of the repair? 
F.4 Was a replacement required? 

If yes: F.4.1 What was the cost of the replacement? 
F.5 Did you change the system design as a consequence? 

If yes: F.5.1 What was the cost of the system adjustment? 
F.6 What was the financial loss as a result of the damage? 
F.7 How long did it take until the system was back to normal operation? 

Yes          ||          No 

Yes          ||          No 

Yes          ||          No 

Yes          ||          No 

Yes          ||          No 
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B.7.5 Do you have experience with damages effecting the battery storage? 
 
 
 
[If yes: ask the follow up questions F.1 – F.7; if no: continue with B.7.6] 
 

B.7.6 Do you have experience with damages effecting the grid?  
 
 
 
[If yes: ask the follow up questions F.1 – F.7; if no: continue with B.7.7] 
 
B.7.7 Do you have experience with damages effecting the inverter? 
 

 
[If yes: ask the follow-up questions F.1 – F.7; if no: continue with B.7.8] 
 
B.7.8 Do you have experience with damages effecting the power house? 
 
 
 
[If yes: ask the follow-up questions F.1 – F.7; if no: continue with Part C] 
 

  

Yes          ||          No 

Yes          ||          No 

Yes          ||          No 

Yes          ||          No 

Follow up questions F.1 – F.7 
F.1 In what way was the component damaged? 
F.2 What was the cause of the damage? 
F.3 Where you able to repair the damage? 

If yes: F.3.1 What was the cost of the repair? 
F.4 Was a replacement required? 

If yes: F.4.1 What was the cost of the replacement? 
F.5 Did you change the system design as a consequence? 

If yes: F.5.1 What was the cost of the system adjustment? 
F.6 What was the financial loss as a result of the damage? 
F.7 How long did it take until the system was back to normal operation? 
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A.4 Adaptation Measures

Table A.4: List of adaptation measures as recommended by interviewees, part I

Component Risk Type Measure

Wind

generation

Cyclone Increase structural strength of mast, blades and tur-

bine

Select component according to compatibility with

high wind speeds (mast, blades, turbine)

Integrate automated mechanisms for vane position

Integrate back-up diesel generator to apply vane po-

sition if needed

Hydro

generation

Flood Increase structural strength of civil work (dams,

walls, tubes)

Include additional protective elements for construc-

tion (dams, walls, etc)

Apply integrative watershed and land use manage-

ment

Adjust design standards (e.g. 100-year flood becomes

a 20-year flood)

Integrate upstream water reservoirs to manage water

flows more effectively

Solar

generation

Cyclones Implement tracking systems to adjust angles and di-

rections (out of wind force)

Implement structural protections

Increase structural strength of mounting structure

Adjust angle of installation (select a flat angle to re-

duce wind forces)

Select most suitable fixing system: stronger clamps

or clamps that facilitate easy deinstallation of panels

in case of emergency

Flood Raise panels above the ground (e.g. through poles)

Temperature

rise

Implement panel cooling mechanisms (e.g. ventila-

tion, combined generation-farming approaches)
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Table A.5: List of adaptation measures as recommended by interviewees, part II

Component Risk Type Measure

Inverter Cyclones Install inverter in power house

Improve lightning strike protection

Apply more robust inverter arrangement: e.g.

through string inverters instead of central inverters

or self-directed inverters instead of grid-directed in-

verters)

Flood Install inverter in power house

Temperature

rise

Install cooling mechanisms in power house (e.g. ven-

tilation, air-conditioning)

Diesel

generator

Cyclones Install generator in power house

Flood Install generator in power house

All Install generator in accessible area for quick and easy

maintenance and repair

Battery

storage

Cyclones Install storage in power house

Flood Install storage in power house

Temperature

rise

Install cooling mechanisms in power house (e.g. ven-

tilation, air-conditioning)

All Implement alternative storage technologies

Power

house

Cyclones Increase structural strength (walls, roofs, doors)

Flood Raise power house above the ground (e.g. through

poles)

Temperature

rise

Install cooling mechanisms in power house (e.g. ven-

tilation, air-conditioning)

All Select material (concrete, metal, wood) carefully ac-

cording to site specific parameters

Grid Cyclones Increase structural strength of poles

Select stronger more resistant cables, connectors and

insulators

Choose underground cable installation

Temperature

rise

Adjust sizing of cables
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Table A.6: List of adaptation measures as recommended by interviewees, part III

Component Risk Type Measure

All

components

Cyclones Perform regular clearing of trees and vegetation

around energy infrastructure

Temperature

rise

Select components according to compatibility with

high temperatures

Sea-level

rise

Select components according to high salt corrosion

resistance

Select sites of installation carefully considering future

shorelines and flooded areas

Overall

system

Flood Build protective walls, dams, ditches and channels to

prevent flooded system components

Install pumps to evacuate water

All Put proper demand side management in place

Design the system as simple as possible

Hire well-trained local operators

Consider increased transportation cost of compo-

nents, spare parts, fuel etc.

Consider decentral and modular system setups

Integrate emergency points and satellite phones

Compile emergency protocols including different sce-

narios and prioritisation of energy services

Put proper spare-part management and inventory in

place (provision of most important spare parts in

stock)

Select sites of installation carefully and consider ac-

cessibility for maintenance and repair

Select components with high ingress protection (IR)

ratings
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Table A.7: List of adaptation measures as recommended by interviewees, part IV

Risk Type Measure

Flood Implement climate change resilient planning of public

infrastructure (e.g. roads)

Develop and improve hydrological forecasting

All Integrate improved solar radiation predictions consider-

ing climate change to design phase

Select blackout resilient appliances

Develop guidelines for improved planning and operation

Develop financial instrument/mechanism to compensate

loss and damages

Implement nature-based and ecosystem oriented solu-

tions

Apply community-ownership structures


