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Abstract

The year 2020 marks the start of the implementation of the Renewable Portfolio Standards in the Philippines. To raise the
country’s renewable energy (RE) share to 35% by 2030 (aspirational target), an annual minimum incremental RE of 1% has
been imposed to all mandated participants. This local-level policy implementation has allowed the assessment of RE resource
adequacy to be carried out on a smaller geographical scale (i.e., province level). The case for grid-connected island provinces,
such as our study area, can be more interesting because of the opportunity to self-sustainable energy production. In this paper,
we assess the adequacy of domestic RE resources of Bohol province to reach this target by estimating the technical potential
of solar, wind, biomass, and hydropower using spatio-temporal datasets. Then, for every identified potential RE project, we
calculate the busbar levelized cost. We also evaluate the province’s base RE share to assess the extent to which the technical
potential can improve its RE penetration in four distinct domestic and imported energy generation scenarios. With 20 different
scenarios of additional RE capacity, we generate RE portfolios for the minimum target RE share (35%), as well as the 50%
and maximum. The results revealed that, when the country’s RE penetration continues, Bohol’s hydropower potential is not
enough to meet the 35% target. Seasonal renewables are also insufficient for a 50% target. In several scenarios, the province’s
energy self-sustainability can be possible at reasonable costs when variable RE technologies are included in the portfolio.

Keywords Renewable energy - Philippines - Spatio-temporal assessment - Economic analysis - Renewable portfolio
standards - LCOE
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able market, and generating companies) to source a portion
of their energy supply from eligible RE resources [1]. The
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rationale behind RPS implementation is the aspiration of
the country to raise RE share in its energy mix to 35% by
2030 by imposing a minimum annual incremental RE (AMI)
percentage of 1% on all mandated participants. The share of
RE in 2008, when the RE Law was enacted, is approximately
34%, and since then there has been a dramatic decline of RE
shares each year (see Fig. 1, source: [2]). The increase in
demand brought by technological advancement, economic
activities, and population growth appeared to outpace the RE
capacity increase. As a result, the share of coal-based energy
generation doubled in 10 years, despite the Department of
Energy’s (DOE) unprecedented efforts to promote RE.

Though RPS is implemented nationwide, policy compli-
ance is evaluated at the local level. Imposing an AMI of 1%
to all mandated participants means every distribution utility
(DU), including retail electricity suppliers, etc., has to sup-
ply their respective customers with more renewable-based
generation each year by either making bilateral contracts
with any eligible RE facilities or investing in their indig-
enous RE resources. Since previous RE contracts beginning
in the transition year (2019) can be converted into RE cer-
tificates and can be retired for this purpose, DUs and other
participants are not concerned about the near-term compli-
ance (up to 2022). However, in the medium and long term,
these power industry players must enter into contracts with
qualifying RE facilities or retire RE certificates from their
own RE generation facilities. In either case, there is high
certainty on demand for RE in the country over the next
10 years, so a faster roll-out of RE generation projects is also
expected to take place.

To some degree, enforcing a 1% AMI across all mandated
participants means that the RE resource adequacy assess-
ment can be best carried out on a smaller geographical
scale (i.e., province level, regional). In this paper, we evalu-
ate the feasibility of three DUs in a grid-connected island
province to reach not the AMI but the 35% goal as a unit.
We investigate this compliance as well as the possibility of
self-sustaining energy production when new RE generation
facilities are being installed within or outside the province.
In any case, the main objective of this study is to find the
extent to which the technical potential of solar, wind, bio-
mass, and hydropower can improve the RE penetration of the
study area. The methodology we presented can be used by
other grid-connected island provinces in obtaining a similar
objective.

The study area

Bohol is an island province in the Visayas group of islands,
whose total area is approximately 4000 km?. It is one of the
81 provinces in the Philippines composed of 1109 baran-
gays, 47 component municipalities, and a lone city, Tagbi-
laran (in three legislative districts). As a tropical province,
Bohol has abundant solar energy resources with annual
global horizontal irradiance ranging from 1500 to 1900
kilowatt-hours per square meter. Bohol’s wind resource is
also plentiful; some areas have wind classes above 7 m\s.
As an agro-industrial province, Bohol’s primary agricultural
products include rice, corn, coconut, cassava, and oil palm—
a potential for biopower energy production. It also has 11
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Fig. 1 2008-2019 Philippine energy generation share: RE based versus coal based ( Source: Department of Energy [2])
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watersheds: Abatan, Alijawan, Caroud, Wahig-Inabanga,
Ipil, Loboc, Lumbay, Manaba, Mualong, Panampan, and
Soom, from which hydropower projects can be developed.

Bohol has a 16 MW grid-connected diesel-fueled power
plant located in Dampas District, Tagbilaran City (operat-
ing under the country’s spot market), and three embedded
mini-hydro projects located in the Loboc watershed. The
province has a single link to the country’s grid through a
100 MVA, 138 kV Leyte-Bohol Interconnection from which
more than two-thirds of the province’s supply is sourced (see
Fig. 2). In 2018, a 32 MW diesel/bunker-fired power barge
located in Tapal Wharf, Ubay, was contracted as a dispatch-
able reserve—supporting the nearly overloaded Leyte-Bohol
Interconnection. The province’s demand is divided into three
franchise areas under three DUs: Bohol Light Company, Inc.
(BLCI), Bohol Electric Cooperative 1 (BOHECO 1), and
Bohol Electric Cooperative 2 (BOHECO 2) [3].

The opening of an international airport in the province’s
tourism capital, Panglao municipality, in 2018, has increased
tourist arrivals and boosted local economic activity. As a
result, the peak demand increased remarkably from 80 MW
in 2018 to 101 MW in 2019 [4]. Yet, the province’s four
inland power generation facilities only have a total depend-
able capacity of 20.4 MW [3]. The failure to meet the

single-outage contingency criterion and the inadequacy of
the domestic power supply have made Bohol’s power system
vulnerable to tropical calamities such as typhoons and earth-
quakes. In 2013, for instance, the residents of the province
survived a month-long power outage when typhoon Haiyan
hit the neighboring Leyte province—highlighting the need
for additional grid connection and domestic generation.
Bohol’s local government responded, and a multi-sectoral
committee, the Bohol Energy Development Advisory Group
(BEDAG), was created [3].

To resolve the province’s energy security issue while rec-
ognizing its vision to be an eco-cultural tourism destination,
an energy policy prohibiting all types of fossil-based energy
generation in Bohol’s soil was legislated in 2018. In this
case, the province’s energy demand can only be addressed
with renewable energy sources. In light of the country’s RPS
policy, we used Bohol’s power supply dilemma to illustrate a
province-wide spatial assessment and economic analysis of
RE resources. Due to the pressing demand to de-carbonize
the power sector, we have also examined the effects of retir-
ing the only inland oil-based power plant to the RE penetra-
tion of the province.
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Map of Bohol province with its existing power system (digitized in this study)



International Journal of Energy and Environmental Engineering (2021) 12:251-280 255

Related works
Spatial modeling of RE potential

Spatial modeling of RE potential is generally intended to
inform policymakers, energy researchers, or decision-mak-
ers about suitable energy projects’ indicative locations.
Estimation of the amount of energy, as well as all costs
incurred in producing it, can be considered as additional
information to support decision-making or policymaking.
The macro-screening context discussed by Van Dael et al.
[5] in their article is what we refer to here. The following
subsections summarize the various studies related to spa-
tial modeling of variable and seasonal RE.

Variable renewable energy (VRE)

Apart from generating energy that varies with the weather
conditions, solar and wind technologies are considered
variable because they produce energy that fluctuates in
a relatively short period (i.e., minutes, seconds). In the
literature, there is a prevalence of suitability studies or
research that end up reporting the vast area where VREs
can be deployed (where suitability map is the final out-
put). The combination of the geographic information sys-
tem and multi-criteria decision analysis (GIS-MCDA)
appeared to be the most popular approach. For example,
Refs. [6-9] used the analytical hierarchy process (AHP)
and weighted overlay to identify areas suitable for wind
farms in Saudi Arabia, India, Germany, and Greece. Refer-
ence [10] also used AHP and weighted overlay to find suit-
able solar installations in Karapinar, Turkey, while Refs.
[11, 12] used a similar method to find sites ideal for solar
and wind technologies in Songkhla, Thailand, and South-
ern England, respectively. Also, Ref. [13] utilized it for
hybrid offshore wind and wave energy systems in Greece.
Many research investigated the use of more sophisticated
MCDA techniques to identify sites suitable for VRE pro-
jects in their respective study areas [14-23].

Aside from identifying the vast area of potential in the
study area, some GIS-MCDA studies have also indicated a
cost/financial analysis. For instance, Ref. [24] highlighted
in their paper how they obtained the offshore wind suit-
ability map for Egypt using AHP and weighted overlay.
Still, they have estimated the capacity of three selected
locations. Reference [25] used a similar method while also
simulating a 10 MW grid-connected solar PV in HOMER
software. Reference [26] used the MCDA method to
determine the most suitable area for offshore wind farm
deployment in Hong Kong and calculated the installation
cost of the three most suitable zones using three turbine

models. Other GIS-MCDA studies have also estimated
the technical potential using the technical parameters of
technology considered [27-30]. Some studies were not
using any known MCDA method but the spatial overlay
of criteria. This can also be regarded as a spatial multi-
criteria approach, such as the case in Refs. [31-40]. While
these studies used a combination of several criteria includ-
ing technical, economic, social, environmental, and the
likes, Ref. [38] used only atmospheric and meteorologi-
cal inputs, while Ref. [41] estimated the solar irradiation
using DEM and DSM considering cloud cover.

Seasonal renewable energy (SRE)

In addition to the variations in energy output due to weather
conditions, hydropower’s energy generation varies with a
hydrological cycle that ranges over a larger period (i.e., year,
month). That is why we regarded hydropower as ‘““seasonal”
in this study and for a similar reason, the bioenergy.

Hydropower is usually assessed in terms of head avail-
ability and effective discharge flow rate. Kusre et al. [42]
estimated the flow rate using the SWAT2000 hydrological
model and a bottom gradient of at least 2% to ensure suf-
ficient potential head in their assessment of hydropower
plants higher than 500 kW in Kopili river basin in Assam,
India. Bddis et al. [43] assessed the technical potential of
hydropower projects in Europe and identified the actual
suitable sites of the proposed hydro stations using a novel
GIS-based analysis of elevation and stream networks. Ref-
erence [44] utilized the SWAT model and spatial analysis
to assess run-of-river hydropower potential in India’s Mat
River basin. Tarife et al. [45] estimated theoretical potential
for the micro- and pico-hydropower in Misamis Occidental,
Philippines using SWAT for discharge flow analysis and an
enhanced algorithm for head availability determination. Gar-
egnani et al. [46] also presented a tool that integrates all the
legal, technical, and financial analysis in spatial analysis to
find new small hydropower plants in Alpine Valleys. This
tool can calculate the theoretical and planning potential, as
well as the economic potential using NPV.

Meanwhile, the potential for energy production from bio-
mass primarily depends on the availability of feedstock. For-
est biomass, municipal solid wastes, agricultural residues,
among others, can be transported, pre-processed, and used as
fuel for bioenergy plants. Assessment of feedstock availabil-
ity, as well as the collection and transportation of raw mate-
rials from the source to the energy production facility, are
the common subjects of research in this field. For instance,
Beccali et al. [47] developed a GIS-supported methodology
to assess the technical and economic potential of residues
coming from the pruning of olive groves, vineyards, and
other crops for energy production in Sicily. Data on land use,
digital terrain model, climatic types, geological substratum,
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etc. were used to assess biomass availability. Considering the
cost of harvesting, collection, and transportation, they gener-
ated the supply curves of each biomass residue. Grilli et al.
[48] developed a suite of add-ons in GRASS GIS capable of
estimating the potential of forest biomass, hydro, and solar
energy. Like the other modules, the module for biomass can
find the power plant’s location based on demand. They used
NPV as a metric in the economic analysis.

In this research area, the GIS-MCDA approach has also
been used. Van Dael et al. [5], for instance, used the AHP to
identify suitable locations for the establishment of biomass
projects in Limburg, Belgium. In Brazil, Teixeira et al. [49]
used fuzzy logic to find appropriate zones of biomass activ-
ity. They developed a location-allocation model to minimize
the cost associated with the transportation of raw materials.

Estimation of energy generated from VREs

On estimating the energy generated from VREs, the usual
practice is the use of the product of capacity factor and
installed capacity (and period), both of which are sensi-
tive to the location and technology. Capacity factors can
be obtained from the literature, simulated, or calculated
from past energy generation records. Installed capacity, on
the other hand, is usually estimated using power density
(potential per area) in spatial modeling. However, unlike
the capacity factor, the variation of power densities for
VRE:s in the literature is broad, which may significantly
affect any research or planning works. Deshmukh et al. [32]
used power densities of 30 and 7.5 MW/km? for solar PV, 9
and 2.25 MW/km? for wind, and 17 and 4.25 MW/km? with
6-h storage for CSP in their spatial estimation of wind and
solar resources in India. Lopez et al. [50] used 48 MW/km?,
32.8 MW/km?, and 5 MW/km? for their estimate of potential
utility-scale solar PV, CSP, and wind projects in the USA,
while Ref. [51] used empirical power density of 7 MW/km?
to calculate additional local wind potential. Also, Ref. [36]
used 2 MW/km? for wind, 48 MW/km? for solar PV, and
22.38 to 49.26 MW/km? CSP technologies to estimate the
total implementable potential of wind and solar energy in
Afghanistan.

Economic analysis

Economic analysis of RE resources is conducted to aid and
inform decision and policymaking. Using standard cost met-
rics, economic analysis can be done in a spatial and non-
spatial environment. Spatial modeling studies, such as the
case for Refs. [32, 34] used the levelized cost of electricity
(LCOE), Ref. [37] the net present value (NPV), and Ref.
[39] applied both the LCOE and NPV as their cost metric in
their conduct of economic analysis. For offshore wind farms,
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Refs. [52, 53] used the levelized production cost (LPC).
Non-spatial studies also used similar cost metrics, such as
the present value costs (PVC) [54] or both LCOE and PVC
[55]. Our study used the LCOE, the estimated amount of
money incurred for any particular energy-generating project
to produce a standard amount of electricity over its expected
lifetime [56], to generate the supply curves from which our
RE portfolio analysis is based.

Here, our contribution to the literature of renewable
energy research evolved. None of the current spatial mod-
eling studies (with economic analysis) we reviewed had
examined the extent to which RE potential could increase
the RE penetration of the study area in detail similar to ours.

Methods and data

Using publicly known and digitized data, we built our meth-
odology from the concept of the reV model [57] and the
modification made by Deshmukh et al. [32] to the Multic-
riteria Analysis for Planning Renewable Energy (MAPRE)
(see Fig. 3). The reV model is a modular platform for a
detailed assessment of technical RE potential developed by
the National Renewable Energy Laboratory (NREL). On
the other end, MAPRE is a spatial energy system modeling
framework developed by the Lawrence Berkeley National
Laboratory [58]. The study objectives are: (1) to evaluate
the upper-bound technical RE potential of the study area
and (2) to find the extent to which the technical potential
can improve its RE penetration in light of the country’s RPS
policy.

Spatial assessment and estimation of technical
potential

This section outlines how we derive each RE technology’s
upper-bound technical potential from estimates of each
developable project’s energy generation. Using Boolean
logic and simple mathematical operation, our method of
combining geospatial data is similar to the procedure well
documented in Ref. [36]. In our study, we used the open-
source platform QGIS.

Solar energy

We assessed the potential for utility-scale solar PV projects
in Bohol from the datasets of SOLARGIS [59]. Since Bohol
has annual global horizontal irradiance ranging from 1500 to
1900 kilowatt-hour (kWh) per square meter, we did not apply
any resource potential exclusions. We then merged all socio-
environmental restrictions with techno-economic exclusions
(Table 1) to obtain all solar PV constraints. All potential solar
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Fig.3 The study methodology

PV projects were obtained from the remaining lands. Devel-
opable solar PV projects were obtained by excluding projects
with a contiguous area smaller than 10 hectares (0.1 km?).

To estimate all developable solar PV projects’ capacity, we
used the empirical power density values of 7.5 and 30 MW/
km? and applied a land-use discount factor of 0.80 [32]. We
also digitized the area occupied by 30 existing utility-scale
solar PV projects in the country (those visible in Google Earth
Pro). We found their average power density to be about 1 MW/
hectare, so we also estimated the installed capacity of devel-
opable projects in Bohol using a power density of 100 MW/
km?. Then, we used the System Advisor Model (SAM) to esti-
mate the capacity factor (CF). Since there is only one weather
station available for the study area, we only got one capacity
factor (14.6%). We used it then to calculate the annual energy
yield of all developable projects k using Eq. 1.

ES,k = CEY,/( X PCS,k X T. (1)

® Per project total LCOE

Upper-bound

transmission network Technical

® Capacity Factor

® Annual Energy ® Distance to road Potential
Generation network
‘ A
' '
' '
N '
Wind energy

Wind energy’s potential was assessed from data obtained in
the Geospatial Toolkit of NREL (available at https://www.
re-explorer.org/launch.html), adopting the process outlined
by Mentis et al. [39]. Using the SIEMENS Gamesa 2 MW
power curve and the Rayleigh probability distribution (Eq. 2)
wind recurrence, the capacity factor of this turbine was cal-
culated when installed in the Bohol wind regime (Egs. 3-5)
(at an availability factor p of 97%).

@) e(-0(F)) e
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PE(u) = U[O P(u)f (u)(du) = Z P(u)f (u) 3)
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Table 1 Constraints and restrictions used in this study to find suitable RE projects

Criteria Solar PV Wind Biopower Hydropower
Resource Potential None Wind speed <5.5 m/s  Feedstock < 7000 toecs, Net head <20 m,
biomass density <0.8 discharge
toecs/ha flow <4.5 m*
Land slope >10% >18% >10% None
Earthquake Fault Line Within 1 km  Within 1 km Within 1 km None
Land Slide Prone Areas Avoid Avoid Avoid None
Protected Areas Avoid Avoid Avoid None
Built-up Areas Within 250 m  Avoid Within 500 m Not Applicable
Waterbodies Within 100 m  Within 100 m Within 100 m Not Applicable
Ancestral Domain Avoid Avoid Avoid Avoid
Land-use/land classification:
A—All irrigated areas Avoid None Avoid None
B—All irrigable lands already covered by irrigation Avoid None Avoid None
projects with firm funding commitments
C—All alluvial plains highly suitable for agriculture, = None None None None
mainly non-irrigated areas
D—Agro-industrial croplands or lands presently Avoid None None None
planted for industrial crops that support the viability
of existing agricultural infrastructure and agro-based
enterprises
E—High lands or areas located at the elevation of None None Avoid None
500 m or above and have the potential of growing
semi-temperate and high-value crops
F—AIl agricultural lands that are ecologically fragile, Avoid None Avoid None
the conversion of which to non-agricultural uses
will result in serious environmental degradation, and
mangrove and fish sanctuaries
G—All fishing areas as defined in the Fisheries Code =~ None None None None
of 1998
H—Forest/Watershed Areas Avoid None Avoid None
CFw(u) = EE(u)/P yeqT- (5)  CF,x =EE/(Pryea X T) ©6)
At a threshold capacity factor of 32%, the SIEMENS
E,, =CF, xPC,  xT. (7)

Gamesa 2 MW turbine requires a wind speed of at least
5.5 m/s, so we excluded all land with wind speeds below
this value. We then combined all socio-environmental
restrictions and techno-economic exclusions for wind
projects (Table 1) and identified all constrained areas.
Combining resource potential and unconstrained regions,
we obtained all potential wind projects from all remain-
ing contiguous lands. Developable wind projects were
obtained by excluding potential projects with a land area
of less than 0.4 km?.

We used an empirical power density of 2.25 and 9 MW/
km? and applied a land-use discount factor of 0.80 to esti-
mate the capacity of all developable wind projects [32].
Each developable wind project’s capacity factor was then
calculated using the process outlined above—associating
each project k with the wind speed at its centroid (Eq. 6).
We also estimated the annual energy yield using Eq. 7.

(]
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Bioenergy

The potential for bioenergy production was assessed using
the conventional approximation procedure (normalization
of all biomass data into one equivalent feedstock). We used
biomass density, which is the fraction of the normalized tons
of available feedstock and the total land area, as a basis for
creating areas of viable biomass activities (ABA).

We have adopted a screening procedure based on the
clustering of potential municipal biomass activities. We
estimated agro-crop residues for rice, corn, oil palm, and
coconut using local data such as major crops growing,
annual grain productivity, the pertinent ratios of usable and
disposable components of the crop, and collection efficiency.
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Ramachandra et al. [60] had calculated the total bioenergy
potential in Kolar, India, in terms of energy equivalent.
However, in this paper, the biomass potential is calculated
by converting all biomass feedstocks into tons of equiva-
lent coconut shells (toecs) using their corresponding high-
heating values.

To obtain a list of eligible municipalities, we excluded
all municipalities with biomass densities less than 0.8 toecs/
hectare. Manual grouping of adjacent municipalities into
ABA follows zoning where the collection, pre-treatment,
and feedstock delivery can be minimized. Each ABA should
have at least 7000 toecs per year. We then calculated the
average biomass density for each ABA and excluded zones
with densities less than one toecs/hectare. We then identi-
fied the location of biomass production facilities (at least 4
hectares) for each ABA applying the socio-environmental
restrictions and techno-economic constraints (Table 1). Bio-
power production facilities should be located near ABA’s
centroid and close to the road network and transmission
infrastructure.

We used SAM to estimate each developable biomass pro-
ject’s installed capacity and capacity factor and calculated
the annual energy yield using Eq. 8.

Eb,k = CFb,k X PCb,k X T. (8)

Hydropower

The potential for mini run-of-the-river hydro projects of
Bohol was assessed in terms of hydraulic head and dis-
charge flow rate. The QSWAT hydrological model was used
to obtain a discharge flow rate for all streams of the two
largest watersheds (Wahig-Inabanga and Abatan) using the
30 m ASTER DEM, weather data, land-use map, and soil
map. We excluded the Loboc watershed because all three
existing hydropower projects in the province are located
there. The flow duration curve (FDC) of each stream was
then generated, and the effective discharge was calculated
on the assumption of 50% flow exceedance. Eligible streams
were then obtained by excluding stream networks with an
effective discharge rate of less than 4.5 m?/s, considering
no socio-environmental and techno-economic exclusions
(Table 1).

The head availability of the eligible streams was assessed
in a 30 m ASTER DEM. We obtained the elevation of suitable
streams on a 30 m interval and assign hydropower projects
based on the analysis of river terrain from the elevation plot.
A hydropower project should have a gross head not less than
20 m. Due to hydraulic friction in the penstock, we estimated
the net head by a 10% reduction in the gross head [43, 61].
Also, allowing the river ecosystem to rejuvenate, we used a
site spacing not less than 500 m [44]. We then estimated all

developable hydro projects’ capacity using the typical effi-
ciency of 68.4% [43] in Eq. 9.

hnet k
’ ’ 109
We applied the 2017 global weighted average capacity fac-
tor for hydropower at 48% [62] to estimate all developable
hydro projects’ energy yield using Eq. 10.

Eyp= CFh’k xPC,; xT. (10)

LCOE calculation and the supply curve

A supply curve represents the cost and amount of energy in all
modeled developable sites at a snapshot in time [57]. Analysis
based on the supply curve is intended to provide policymak-
ers and analysts with high-level indicative cost information
about various RE resources, not the specific cost information
about identified projects [63]. In this study, we used the simple
proximity method to calculate each developable site’s total
LCOE taking into account the interconnection and access road
construction costs. Supply curves were generated by plotting
the sorted LCOEs against the cumulative capacity addition.

For each technology m, we calculated the total LCOE from
the sum of the LCOE for generation (site-LCOE), intercon-
nection, and road construction for each developable project
k (Eq. 11-14) [32]. Table 2 depicts the parameters used to
estimate the total LCOE. Our estimates excluded the cost of
operating and maintaining the spur line and the cost to main-
tain access road due to lack of data. They are, after all, only a
small fraction of the respective capital costs. No adjustments
are also needed for the cost parameters we used to obtain the
LCOE (Table 2) because we used the 2030 projected cost from
NREL’s 2019 Annual Technology Baseline [64]. In the mean-
time, we calculated the energy-weighted LCOE to obtain a
representative amount in which electricity consumers can be
charged for the energy generation specified in a particular port-
folio. Cost adjustment for integration, transmission, capacity
value, and time-of-delivery [65] is beyond the scope of this
study.

(Igﬁ’n,m) (CRF) + Ogen,ﬁx,m
8760 x CF,,,

+0

gen,var,m,
(11

(prunm ) (Lspur,m,k ) (CRF) + (IA ) (CRF)
8760 x CF,,,

Site — LCOE,,, =

Interconnection — LCOE,, ;, =

12)

Ird,m (er,m,k ) (CRF)
E

m,k

Road — LCOE,,;, = (13)

* @ Springer



260

International Journal of Energy and Environmental Engineering (2021) 12:251-280

Table 2 Parameters used in

Tl Parameters Unit Solar PV~ Wind Biopower Hydropower
estimating the total LCOE

Generation® CapEx 2019Php/MW 56,707,554 82,290,688 212,226,080 343,818,678
Fixed®* GEN O&M Expenses 2019Php/MW-yr 673,240 2,226,872 5,800,225 6,421,677
Variable* GEN O&M Expenses 2019Php/MWh - - 2,434 -
Spurb Line Capital Cost 2019Php/MW-km 23,304,474 23,304,474 23,304,474 23,304,474
POI® CapEx 2019Php/MW 3,625,140 3,625,140 3,625,140 3,625,140
Road® Construction Capital Php/km 21,890,338 21,890,338 21,890,338 21,890,338
Plant lifespan Years 25 25 25 30
WACC % 4.25 4.25 4.25 4.25

#Source: NREL’s 2019 Annual Technology Baseline (ATB) [64]

®Source: Deshmukh et al. [32]

“Roads leading to tourist destination (Central Visayas Region), Source: Philippines’ Department of Public

Works and Highways

i1+

S -1 a4

Energy accounting

Before analyzing the feasibility of any target RE share, the
state of the province’s energy supply and demand in the
analysis horizon has to be evaluated first. In this case, we
calculated the RE share of Bohol for the historical years
2009-2019 from the province’s energy purchase data [3],
Bohol’s sub-grid energy generation [66], and the country’s
gross generation by plant type [2]. We then forecasted the
province’s and the country’s energy mixes for 2020-2030
using regression analysis, econometric model, and imputed
data. The province’s RE shares computed for the year 2030
is regarded as the base RE share.

A brief overview of the Philippine grid

The Philippine electric grid is divided into three sub-grids:
Luzon, Visayas, and Mindanao. The country’s diversified
energy portfolio comprises coal, natural gas, oil-based, and
renewables (geothermal, hydro, biomass, solar, and wind).
In 2019, coal-fired power plants generated more than half
of the country’s electricity supply at 54.6% (see Figs. 4 and
1)—the highest in the country’s history.

Meanwhile, many technical factors and energy market
conditions (i.e., availability, demand) influence energy
production from any power facility. It is also bounded by
the total dependable capacity and grid reliability require-
ments in different time frames. In the Philippines, coal-fired
power plants usually serve baseload demand, but natural gas
plants for mid-merit and oil-based plants for peaking. Geo-
thermal plants also supply baseload, large hydro for mid-
merit, and the rest of the renewables enter the energy market

* @ Springer
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2,20,44,380
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2,23,54,378

= 3.54%, 37,52,302

Fig.4 2019 Philippine generation mix

following the priority dispatch protocol. This technical-
market arrangement is vital in our forecast of the country’s
energy generation for each source type, and, subsequently,
the country’s future generation mix.

Bohol historical domestic and imported generation

The historical (2009-2015) and forecasted (2016-2019)
energy purchase of the province derived from the aggrega-
tion of the results of the parametric trend analysis carried
out by each DU on their annual metered energy purchase [3]
was considered as the base energy demand. Since energy
purchase is subject to losses from the energy generation
perspective, we applied plant-to-meter (PTM) losses to cal-
culate domestic contribution to the province’s energy pur-
chase (Table 3). We then estimated the province’s annual
energy import from the difference of the total energy pur-
chase and the domestic energy contribution, assuming that
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Table 3 Energy losses, % of the corresponding energy generation

Symbol  Description (%)

%SUTL  Percent system own-use and transmission loss 8

PTM,,., Plant-to-meter loss for existing embedded RE 5

PTM,, ., Plant-to-meter loss for new grid-connected RE 6

PTM,,.  Plant-to-meter loss for existing grid-connected 3
non-RE

the corresponding RE and non-RE import percentage is pro-
portional to the country’s respective RE and non-RE gen-
eration (Egs. 15-17). In this case, the energy import was
adjusted for system own use and transmission loss of 8% to
obtain the amount of energy generated outside Bohol for its
demand (Table 3). RE penetration for Bohol is calculated
using Eq. 18.

RE;pore = (%REPhﬂS)(l + %SUTL)(EP — DEC) (15)

NONRE; ;o = (%NONRE;, ) (1 + %SUTL)(EP — DEC)
(16)

(1-PTM,,.)
(17)

DEC = REin,ex (1 - PTMre,eX) + NREi“’eX

5,00,000

38.55%

2009 2010 2011 2012 2013

4,50,000

4,00,000

3,39,682

3,22,90

3,50,000

3,03,003

2,69,191
2,89,44

3,00,000

2,50,000

2,00,000

Energy Generation, MWh

1,50,000

1,00,000

50,000

mmm Domestic Oil-based

Imported RE

s Domestic Hydro
@ BOHOL Energy Purchase

RE,,.... + RE,
Bohol%RE = — tE port

(18)
total

Bohol’s domestic energy generation is a combination of
oil-based and renewables, as the province has a diesel-pow-
ered and three-embedded hydropower plants. Figure 5 shows
that the share of renewables in the province is declined from
38.55% in 2009 to 22.74% in 2019. No additional domes-
tic RE capacity was constructed in the province since 2008
(when Sevilla mini-hydro started commercial operation), so
its RE share depends on the country’s declining RE penetra-
tion (see Fig. 1).

Generation forecasts
Philippine generation mix

Our forecast of the country’s future generation mixes is pri-
marily based on the assumption that coal-fired power plants
supplied all residual generation. That is, we obtain its pro-
jected annual generation by taking the difference between
the total projected energy generation and the sum of pro-
jected energy generated from REs, oil-based, and natural
gas plants. Hence, we first forecasted the natural gas and
oil-based generation, then the RE-based and total genera-
tion. We have 15 historical data in all (2005-2019), so we
conducted serial correlation tests in three datasets: 15 year,

45%

4,16,492
4,37,756
4,54,820

40%

3,93,729

3,54,809
3,70,807

35%

30%

25%

20%

15%

10%

5%

2014 2015 2016 2017 2018 2019

0%

mmmm Imported Non-RE
@ Bohol %RE

Fig.5 Historical generation mix, RE share, and total energy purchase of Bohol province
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recent 10 year, and recent 7 year. Then, we choose the model
that can be regarded as the best fit. In some instances, we
preferred to use imputed data.

The correlation of the historical generation of oil-based
power plants for all datasets considered is insignificant
(p>0.05), so we used imputed data (10-year average) for
the country’s projected oil-based energy generation. The
correlation of the 7-year and 15-year historical generation
for natural gas plants is significant (p <0.05); however, we
decided to use an imputed data (10-year average) due to the
uncertainties brought by technical factors and market condi-
tions. The retirement of natural gas plants by 2025 is also
considered. The use of imputed data is plausible because
our analysis of the Bohol RE portfolio is a snapshot of 2030
scenarios. For RE generation of the country, we have con-
sidered two scenarios: business-as-usual (BAU) and 35%
RE share (HRE). At a confidence level of 95%, the correla-
tion of the country’s historical RE generation for all datasets
considered is significant (p < 0.05). However, we choose the
7-year dataset for our RE-based generation forecast under
the BAU scenario, because it resulted in higher energy esti-
mates. Likewise, we obtained the forecasted RE generation
for the 35% RE scenario by making assumptions of annual

80,000

70,000

60,000

50,000

40,000

20.79%

RE Generation, GWh

30,000

20,000
10,000
0

o
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2014
2015
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2017
2018
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s HRE Scenario

@ Historial RE Share

2021

s BAU Scenario

@ RE Share (BAU)

growth rate between 8 and 12%. These assumptions imply
a more rapid roll-out of new RE generation projects—dou-
bling the energy generation by 2030 (see Fig. 6).

For the country’s forecasted total energy generation, we
used the econometric model of the Philippines’ DOE in its
2016-2040 Power Development Plan [67]. We assumed the
annual growth rate in gross domestic products (GDP) and
elasticity (energy generation growth rate over GDP growth
rate). The assumptions we made were comparable to those of
Ref. [67]; however, we applied a lower but increasing GDP
growth for 2020-2022 to consider the effect of coronavirus
pandemic on the country’s economy. COVID-19 pandemic
has tremendously affected the Filipinos whose local liveli-
hood and economic activities in the commercial and indus-
trial sectors (including government offices) were temporarily
closed at its onset. Progressive re-opening of the economy
was seen after 6 months. However, the duration of the pan-
demic’s new normal, which restricted many industries to
operate fully, is still uncertain as of this writing.

The complete details of the energy mix calculation are
available in the supplemental data [68]. We invite interested
readers to visit https://dx.doi.org/10.17632/92xb8tnr9x.2
and look at the “Philippine Energy Mix” file. Meanwhile,
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Fig.6 Forecasted Philippines’ RE generation and RE share for BAU and HRE scenarios
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BAU Scenario

= 15.49%,
2,94,43,236 0.00%. -
= 2.48%,
47,21,102 [N
" 82.03%,
15,59,35,874
= Coal = Qil-based Nat-Gas = RE

Fig. 7 2030 Philippine generation mix: BAU and HRE scenario

the results of this forecasting exercise revealed that, in any
scenario, coal-fired power plants would contribute more than
half of the country’s energy generation by 2030 (see Fig. 7).
In the absence of natural gas plants following the depletion
of the Malampaya gas-to-power project by 2024, the energy
generation share for coal-fired power plants can be as high
as 82%. The Philippines’ DOE is eyeing for a cleaner sub-
stitute (liquified natural gas); however, reference data for its
projected roll-out are not available.

Domestic and imported generation

With the country’s generation mix and the forecast of
Bohol’s energy purchase, we can simply use the procedure
outlined in the ‘Bohol energy accounting’ subsection to fore-
cast the energy import for 2020 through 2030. However, we
need to predict first the domestic generation so we could
use Egs. 15-17.

‘We conducted serial correlation tests to the historical (also
15-year) oil-based and hydropower generation data of Bohol.
We found that, for all considered datasets, the correlation of
the historical data for hydropower generation is insignificant
(p>0.05), so we used imputed data calculated based on the
assumption of 42% capacity factor and the corresponding
dependable capacities. Meanwhile, we cannot use regression
analysis for the domestic oil-based generation due to technical
reasons. The spike in the domestic oil-based energy generation
in 2019 at 42,768 MWh (see Fig. 5 blue column) is primar-
ily due to the energy supplied by the 32 MW power barge
in Ubay. Leyte-Bohol interconnection is expected to be over-
loaded this year, so an increase in this power barge’s energy
production is also anticipated. However, a 230 kv, 200 MW
underwater cable linking Cebu and Bohol is also expected to
come online by 2022. By 2023, the energy generation from
the power barge can be minimal if not out of operation. Thus,
for the year 2020-2022, we assumed Dampas and Ubay oil-
based power plants to operate at 16% and 12% capacity factor,
respectively. From 2023 to 2030, only Dampas oil-based plant

HRE Scenario

= 35.55%,
6,75,73,309
0.00%, -
/ = 61.97%,
" 2.48%, 11,78,05,802
47,21,102
= Coal = Qil-based Nat-Gas = RE

will be operating for peaking services. We have also consid-
ered the retirement of this facility by 2025 in our generation
scenarios.

Derivation of RE portfolio

This section discusses how we derive the Bohol RE portfo-
lio from the analysis of the supply curve and the domestic
and imported energy generation. This task is not a capacity
expansion modeling, which simulates the roll-out of the new
generation over time, but a snapshot of the province’s 2030
energy scenarios.

Using the supply curve, a renewable portfolio can be
derived by selecting a set of RE projects capable of generat-
ing the amount of energy required for a particular %RE target.
The selection starts with the least-cost projects all the way up
until cumulative energy generation is adequate. Estimation of
energy import is now carried out using Eqs. 15,16, and 19,
while RE penetration for the province is still calculated using
Eq. 18. In this case, the share of RE is affected by three fac-
tors: (1) energy generation of the existing domestic facilities,
(2) country’s energy mix, and (3) the energy generation of
additional RE facilities. The RE portfolio can come in vari-
ous combinations, so we have to define scenarios according
to these factors (see Table 4). First, we described generation
scenarios to study the impact of the country’s energy mix and
the energy generation from existing domestic facilities. Sec-
ond, considering the many different combinations in which an
RE portfolio can be generated while investigating the effects
of varying the power density, we also describe the capacity
addition scenarios (Table 4). When we run 20 capacity addi-
tion scenarios in four generation scenarios, 80 portfolios were
created and analyzed. Twenty supply curves were also pro-
duced and are available in the supplemental data [68]. The
supply curve of all modeled RE projects is shown in Fig. 8
as a sample.
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Table 4 Description of scenarios

Scenarios

Description/assumption

Generation
Business-As-Usual (BAU)

Retire Diesel Power Plant (BAU-
RDPP)

High RE in the Philippines
(HRE)

High RE-Retire Diesel Power
Plant (HRE-RDPP)

RE capacity addition
Only Solar PV
Only Wind
Only Bioenergy
Only Hydro
VRE Only
SRE Only
Least-Cost (LC)

Capacity factor of the three exist-  CF of the 20 MW Dampas Current trend of RE penetration in
ing hydropower facility is 42% Diesel Power Plant is 16%. the Philippines continues
CF of Power barge 104 is 12%
(2020-2022)

Capacity factor of the three exist-  Retire Dampas Diesel Power Plant Current trend of RE penetration in

ing hydropower facility is 42% by 2025 the Philippines continues
Capacity factor of the three exist- CF of the 20 MW Dampas 35% RE share in the Philippines
ing hydropower facility is 42% Diesel Power Plant is 16%. by 2030

CF of Power barge 104 is 12%
(2020-2022)

Capacity factor of the three exist-  Retire Dampas Diesel Power Plant 35% RE share in the Philippines
ing hydropower facility is 42% by 2025 by 2030

RE portfolio is derived from solar PV developable projects only

RE portfolio is derived from wind developable projects only

RE portfolio is derived from biomass developable projects only

RE portfolio is derived from hydro developable projects only

RE portfolio is derived from solar PV and wind developable projects

RE portfolio is derived from hydropower and bioenergy developable projects
RE portfolio is derived from all identified renewable projects
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Fig.8 Supply curve of all modeled developable sites. Capacity estimation assumptions: solar PV 100 MW/km?, wind 9 MW/km?, overall hydro-
power efficiency 68.4%, biomass simulated in SAM

DEC = RE,,,, (1 - PTM

in,ex

+ NRE;

in,ex

re,ex )

+RE,
(1-PTM,).

economic limitations in terms of system reliability and
operation, storage, and curtailment, we have considered an
ideal 100% RE to understand the annual energy require-
ments for this theoretical setup and assess the province’s
feasibility to self-sustain energy production.

in,new ( 1- PTMre,neW)

19

We have also considered in our analysis a higher RE
target at 50%. Despite our methodology’s technical and
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We have also estimated the GHG emission reduction from
the potential reduction in energy production from coal-fired
power plants. We used the median lifecycle GHG emission
found in the 2012 report of the Intergovernmental Panel on
Climate Change [69]. First, we assumed that in every MWh
of RE added, a MWh of coal-based generation is avoided.
We then calculated the total reduction in carbon emission,
considering the difference in the lifecycle emission of coal-
based generation and the particular RE-based technology.
That is, for a specific portfolio, the total carbon avoided
(TCA) is given by

TCA = z (GHG,,, — GHG,,) X E,,, for allREtechnology m.
(20)

Results and discussion
Upper-bound technical potential

We found a total of 172 renewable projects in Bohol province
(see Fig. 9). Based on our assumptions, the total capacity of

124.0
| |

these projects is between 391 and 3265 MW—capable of
producing 999 to 5724 GWh annually (see Table 5 for com-
plete details). Bohol’s energy demand by 2030 is estimated
at approximately 600 GWh [3], so the province has enough
technical potential to aspire for high RE penetration. 81% to
97% of the energy generation may come from VRE projects,
which can occupy up to 2.5% of the province’s total land.

Almost half the province can take part in biomass activity
at 46.7%.

Bohol 2030 RE share: base case

As a result of the procedure outlined in ‘Energy account-
ing,’ the historical and forecasted RE penetration for Bohol
province is depicted in Fig. 10. Since the RE penetration
presented in this graph is based on the assumption that no
new generation facility is installed in the province, the 2030
RE share will be regarded as the “base case.” The feasibil-
ity of increasing the province’s RE penetration is evaluated
by calculating the RE share when several new domestic RE
generation facility is commercially operated before 2030.
It appeared that Bohol’s RE penetration is always higher
than that of the country’s—thanks to the three embedded

124.5
n

Legend

[ Provincial boundary

Exisiting Transmission Lines
Road Network

Solar Developable Sites [103]
Wind Developable Sites [58]
Bioenegy Developable Sites
Hydropower Developable Sites

-

10.0

.....

......

124.0
|

10.0

,,,,

ox

0

20 km
Coordinate Reference System
Geographic - WGS 84

124.5
| |

Fig.9 Location of developable RE projects in Bohol, Philippines
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Table 5 The upper-bound technical potential of Bohol province

Renewable Capacity estimation Developable Sites (DS) /Area of Biomass Activ- Total capac-  Average capacity Total energy
technology ity (ABA) ity, MW factor, % generation,
2 MWh
# of DS Total area, km % of Bohol
Area (%)
Solar 100 MW/km? 103 25.6 0.6 2562.6 14.6 3,277,412
30 MW/km? 103 25.6 0.6 768.8 14.6 983,224
7.5 MW/km? 103 25.6 0.6 192.2 14.6 245,806
Wind 9 MW/km? 58 74.6 1.9% 671.7 39.2 2,257,177
2.25 MW/km? 58 74.6 1.9 167.9 39.2 564,294
Biopower Using SAM 8 1856 46.7 21.8 72.3 138,282
Hydro Eff=68.4% - - 9.3 62.0 50,617
40% 38.63%
et i T0%
35% veetlieett
32.609 Lot leett 35.55%
Bohol %RE (Historical) .o oot
30% Philippine %RE (High RE
o* Scenario)
s oot
g 22.74% oo°
2 25% >
(5]
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Fig. 10 Base cases of Bohol’s RE penetration (bold) versus Philippines’ RE penetration (bold italic)

hydropower plants which have always supplied energy at a
domestically higher percentage than the country’s %RE share.
If the current trend of the country’s RE penetration contin-
ues and the Dampas oil-based generation facility continues
to operate, Bohol’s base RE share is at its lowest (19.13%).
However, when this oil-based facility is retired, the province’s
base RE share can be as low as 19.53%. Meanwhile, when
the country’s RE share approaches 35% with new generation
facilities deployed in other provinces, Bohol’s base RE share
can be 37.7%% with the existing oil-based power plant in ser-
vice, 38.63% on its retirement. In this case, Bohol can aspire
for high RE targets such as 50% share or even higher utilizing
its domestic resources.
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Additional domestic RE generation vis-a-vis Bohol’s
RE penetration

In this section, we explain how new domestic RE genera-
tion affects the RE share of Bohol. Let us take a scenario
where only solar PV is considered for the new generation
under business-as-usual. At this scenario, the province’s
base RE share is approximately 19.13% (see Fig. 10). In
this case, some 610 MWh of energy needs to be generated
for Bohol’s 2030 demand considering losses in transmis-
sion and distribution (Table 6). When the first five least-
cost projects (95 MW cumulative capacity) in the supply
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Fig. 11 Bohol’s 2030 energy generation mix plotted against its RE share (generation scenario: BAU, new generation added: all solar PV, power

density: 100 MW/km?)

Table 6 Approximate annual

. . Generation scenario
domestic new RE generation for

Base case (%)

RE Generation, GWh

a target RE share 35% RE target 50% RE target Max
%RE
target

BAU 19.13 121 235 609
BAU-RDPP 19.53 118 232 607
HRE 37.70 - 123 615
HRE-RDPP 38.63 - 114 607

The reference demand is the total annual energy purchase of the three DUs. So, the target energy genera-
tion is anticipated to be higher than the 2030 base demand (600 GWh) due to losses in transmission and
distribution. However, these values are computed from Eq. 18 on the assumption of the exact values of RE
share. Thus, the total generation of any portfolio is always higher than the values in this table

curve are considered, the RE share can be 35.09% (see
Fig. 11). When the next six projects (now 190 MW cumu-
lative capacity), the 50% RE target can be achieved. When
11 more projects were connected, the province started to
export a fraction of the domestic RE generation to the
neighboring island. Subsequently, the theoretical 100% RE
can potentially be reached considering a total of at least
25 solar PV projects. In this case, all domestic non-RE
and excess RE generation are exported to the neighboring
island.

Bohol'’s RE portfolio
BAU

Between now and 2030, domestic RE facilities capable of
generating at least 121 GWh per year are required to raise
the province’s RE share from 19.13% to 35%. Higher targets
such as 50% are achievable with a cumulative addition of
235 GWh, while the theoretical 100% RE can be attained
with at least 609 GWh (see Table 6). The breakdown of
capacity addition and the corresponding energy generation
are respectively shown in Tables 7 and 8. It appeared that
the province is capable of achieving the 35% target in all

* @ Springer
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Table 7 Cumulative capacity addition for Bohol province under BAU generation scenario, MW

Capacity addition scenario 35% RE 50% RE Max %RE  Max %RE
Solar Wind Bio Hydo Solar Wind Bio Hydo " Solar Wind Bio  Hydro

Only Solar PV (100 MW/Am?) 950 - - -~ 1905 - - - 100 5163 - - -
Only Solar PV (30 MW/km?) 948 - -~ 1813 - - - 100 4780 - - -
Only Solar PV (7.5 MW/km?) 962 - - - 1861 - - - 51 1922 - - -
Only Wind (9 MW/km?) - 5 - - - 719 - - 100 - 2081 - -
Only Wind (2.25 MW/km?) - 37 - - - B5 - - 94 - 1679 - -
Only Biomass - - 202 - - - - - 37 - - 218 -
Only Hydro - - - - - - 26 - -~ 93
VRE-1 - 45 - - - 719 - - 100 250 2081 - -
VRE-2 - 37 - - 865 471 - - 100 3158 735 - -
VRE-3 - 345 - - - 719 - - 100 - 2081 - -
VRE-4 - 377 - - 418 551 - - 100 2072 1033 - -
VRE-5 - 5 - - - 719 - - 100 - 2081 - -
VRE-6 - 377 - - 41 692 - - 100 893 1472 - -
Seasonal RE Only -~ 202 12 - - - 44 - - 218 93
LC-1 VY - 719 - - 100 250 2081 - -
LC-2 - 37 - - 865 471 - - 100 3158 735 - -
LC-3 - 345 - - - 719 - - 100 - 2081 - -
LC-4 - 377 - - 418 551 - - 100 1549 869 202 12
LC-5 - 345 - - - 719 - - 100 - 2081 - -
LC-6 - 37 - - 41 692 - - 100 565 1314 202 12

Bold values indicate the scenarios where the 100% target is achieved

Table 8 Cumulative energy generation for Bohol RE capacity addition under BAU generation scenario, GWh

Capacity addition scenario 35% RE 50% RE Max %RE ~ Max %RE
Solar Wind Bio Hydro Solar Wind Bio Hydo 1 Solr Wind Bio Hydro

Only Solar PV (100 MW/kIn2) 122 - - - 244 - - - 100 660 - - -
Only Solar PV (30 MW/kmz) 121 - - - 232 - - - 100 611 - - -
Only Solar PV (7.5 MW/kmz) 123 - - - 238 - — - 51 246 — - -
Only Wind (9 MW/kInZ) - 129 - - - 247 - - 100 - 709 - -
Only Wind (2.25 MW/ kmz) - 122 — - - 242 - - 94 - 564 - -
Only Biomass - - 128 - - - - - 37 - - 138 -
Only Hydro - - - - - - - - 26 - - - 51
VRE-1 - 129 - - - 247 - - 100 32 709 - -
VRE-2 - 122 - - 111 162 - - 100 404 242 - -
VRE-3 — 129 — - - 247 - - 100 - 709 - -
VRE-4 - 122 - - 53 186 - - 100 265 353 - -
VRE-5 - 129 - - - 247 - - 100 - 709 - -
VRE-6 - 122 - - 5 230 - - 100 114 503 - -
Seasonal RE Only - - 128 7 - - - - 44 - - 138 51
LC-1 - 129 - - - 247 - - 100 32 709 - -
LC-2 - 122 - - 111 162 - - 100 404 242 - -
LC-3 - 129 — — - 247 - - 100 - 709 - -
LC4 - 122 - - 53 186 - - 100 198 290 128 7
LC-5 - 129 - - - 247 - — 100 - 709 — —
LC-6 - 122 - - 5 230 - - 100 72 451 128 7

Bold values indicate the scenarios where the 100% target is achieved

"
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capacity addition scenarios, except when only hydro is con-
sidered (26% share only), and the 50% RE is achievable if
VRE technologies are included in the portfolio. SRE tech-
nologies are also insufficient for this target. The theoretical
100% RE share is also possible in all scenarios with VRE
technologies on the assumption of higher power density.

BAU-RDPP

When the oil-based grid-connected power plant is retired,
and the trend of RE penetration in the country continues,
Bohol’s base RE share is estimated to be approximately
19.53% (see Table 6). RE projects capable of generating
118 GWh per year are essential to raise the RE share to 35%
in all capacity addition scenarios, but the only hydro (only
26%). A higher RE target share of 50%, which requires a
minimum annual energy generation of 232 GWh, is also
attainable in all scenarios with VRE technologies included
in the portfolio. SRE technologies are not enough to meet
this target (maximum 44%). The theoretical 100% RE, which
requires the addition of at least 607 GWh annual energy gen-
eration, is also achievable in all scenarios with VRE tech-
nologies on high assumptions of power densities. Please see
Tables 9 and 10 for complete details.

HRE

When the domestic generation continues and the country’s
RE penetration approaches 35% due to additional RE capac-
ity outside Bohol, Bohol’s base RE share was estimated at
37.7%. 1t implies that the domestic RE potential can aspire
for higher RE targets such as 50%. In such a case, an annual
generation of 123 GWh is needed (see Table 6). The results
shown in Tables 11 and 12 indicated that it is attainable
under any capacity addition scenarios except when only
hydro is considered (only 43%). The theoretical 100% RE
share, which requires approximately 615 GWh of new RE
generation, is also possible in all scenarios with the VRE
technologies under higher power density assumptions.

HRE-RDPP

When the oil-based grid-connected domestic power plant
is retired, and the country’s RE penetration reaches 35%,
Bohol’s base RE share was estimated at 38.63%. A higher
50% RE target requiring 114 GWh of additional domestic
RE generation is possible under all capacity addition sce-
narios (see Tables 13 and 14) except only hydro (44%). The
theoretical 100% RE share can also be achieved so long as
VRE technologies are included in the RE portfolio.

Table 9 Cumulative capacity addition for Bohol province under the BAU-RDPP generation scenario, MW

Capacity addition scenario 35% RE 50% RE Max %RE  Max %RE
Solar Wind Bio Hydro Solar Wind Bio Hydro Share (%) Solar Wind Bio Hydro

Only Solar PV (100 MW/km?)  95.0 - - - 190.5 - - - 100 516.3 - - -
Only Solar PV (30 MW/km?)  94.8 - - - 181.3 - - - 100 478.0 - - -
Only Solar PV (7.5 MW/km?)  92.9 - - - 181.3 - - - 52 192.2 - - -
Only Wind (9 MW/km?) - 345 - - - 719 - - 100 - 208.1 - -
Only Wind (2.25 MW/km?) - 377 - - - 703 - - 94 - 1679 - -
Only Biomass - - 202 - - - - - 38 - - 218 -
Only Hydro - - - - - - - - 26 - - - 93
VRE-1 - 345 - - - 719 - - 100 25.0 208.1 - -
VRE-2 - 377 - - 86.5 47.1 - - 100 3158 735 - -
VRE-3 - 345 - - - 719 - - 100 - 208.1 - -
VRE-A4 - 377 - - 41.8 551 - - 100 207.2  100.9 - -
VRE-5 - 345 - - - 719 - - 100 - 208.1 - -
VRE-6 - 377 - - 30 692 - - 100 89.3 1472 - -
Seasonal RE Only - - 202 1.2 - - - - 44 - - 218 93
LC-1 - 345 - - - 719 - - 100 25.0 208.1 - -
LC-2 - 377 - - 86.5 47.1 - - 100 3158 735 - -
LC-3 - 345 - - - 719 - - 100 - 208.1 - -
LC4 - 377 - - 418 551 - - 100 1549 869 202 1.2
LC-5 - 345 - - - 719 - - 100 - 208.1 - -
LC-6 - 377 - - 30 692 - - 100 56.5 1314 202 1.2

Bold values indicate the scenarios where the 100% target is achieved

]
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Table 10 Cumulative energy generation for Bohol RE capacity addition under the BAU-RDPP generation scenario, GWh

Capacity addition scenario 35% RE 50% RE Max %RE ~ Max %RE
Solar Wind Bio Hydro Solar Wind Bio Hydo "¢ Solr Wind Bio Hydro

Only Solar PV (100 MW/km?) 122 - - - 244 - - - 100 660 - - -
Only Solar PV (30 MW/km?) 121 - - - 232 - - - 100 611 - - -
Only Solar PV (7.5 MW/km?) 119 - - - 232 - - - 52 246 - - -
Only Wind (9 MW/km?) - 129 - - - 247 - - 100 - 709 - -
Only Wind (2.25 MW/km?) - 122 - - - 233 - - 94 - 564 - -
Only Biomass - - 128 - - - - - 38 - - 138 -
Only Hydro - - - - - - - - 26 - - - sl
VRE-1 - 129 - - - 247 - - 100 32 709 - -
VRE-2 - 122 - - 111 162 - - 100 404 242 - -
VRE-3 - 129 - - - 247 - - 100 - 709 - -
VRE-4 - 122 - - 53 186 - - 100 265 343 - -
VRE-5 - 129 - - - 247 - - 100 - 709 - -
VRE-6 - 122 - - 4 230 - - 100 114 503 - -
Seasonal RE Only - - 128 7 - - - - 44 - - 138 51
LC-1 - 129 - - - 247 - - 100 32 709 - -
LC-2 - 122 - - 111 162 - - 100 404 242 - -
LC-3 - 129 - - - 247 - - 100 - 709 - -
LC-4 - 122 - - 53 186 - - 100 198 290 128 7
LC-5 - 129 - - - 247 - - 100 - 709 - -
LC-6 - 122 - - 4 230 - - 100 72 451 128 7

Bold values indicate the scenarios where the 100% target is achieved

Table 11 Cumulative capacity addition for Bohol province under HRE generation scenario, MW

Capacity addition scenario 35% RE 50% RE Max %RE  Max %RE
Solar Wind Bio Hydo Solar Wind Bio Hydo " Sor Wind Bio  Hydro

Only Solar PV (100 MW/km?) — - - - 1132 - - - 100 516.3 - - -
Only Solar PV (30 MW/km?) — — - - - 97.8 - - - 100 492.5 - - -
Only Solar PV (7.5 MW/km?) — — - - - 96.2 - - - 62 192.2 - - -
Only Wind (9 MW/km?) - - - - - 345 - - 100 - 208.1 - -
Only Wind (2.25 MW/km?) - - - - - 386 - - 95 - 1679 - -
Only Biomass - - - - - - 202 - 52 - - 218 -
Only Hydro - - - - - - - - 43 - - - 93
VRE-1 - - - - - 345 - - 100 25.0 208.1 - -
VRE-2 - - - - 25.0 377 - - 100% 3158 735 - -
VRE-3 - - - - - 345 - - 100 - 208.1 - -
VRE-4 - - - - - 386 - - 100 207.2 103.3 - -
VRE-5 - - - - - 345 - - 100 - 208.1 - -
VRE-6 - - - - - 386 - - 100 89.3 1472 - -
Seasonal RE Only - - - - - - 202 12 57% - - 218 93
LC-1 - - - - - 345 - - 100 25.0 208.1 - -
LC-2 - - - - 25.0 377 - - 100 3158 735 - -
LC-3 - - - - - 345 - - 100 - 208.1 - -
LC-4 - - - - - 386 - - 100 1549 869 202 1.2
LC-5 - - - - - 345 - - 100 - 208.1 - -
LC-6 - - - - - 386 - - 100 56.5 1314 202 1.2

Bold values indicate the scenarios where the 100% target is achieved

"
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Table 12 Cumulative energy generation for Bohol RE capacity addition under HRE generation scenario, GWh
Capacity addition scenario 35% RE 50% RE Max %RE  Max %RE

Solar Wind Bio Hydo Solar Wind Bio Hydo ¢ Solr Wind Bio Hydro
Only Solar PV (100 MW/km?) - - - - 145 - - - 100 660  — - -
Only Solar PV (30 MW/km?) - - - - 125 - - - 100 630 - - -
Only Solar PV (7.5 MW/km?) - - - - 123 - - - 62 246 - - -
Only Wind (9 MW/km?) - - - - - 129 - - 100 - 709 - -
Only Wind (2.25 MW/km?) - - - - - 125 - - 95% - 564 - -
Only Biomass - - - - - - 128 - 52% - - 138 -
Only Hydro - - - - - - - - 43 - - - 51
VRE-1 - - - - - 129 - - 100 32 709 - -
VRE-2 - - - - 32 122 - - 100 404 242 - -
VRE-3 - - - - - 129 - - 100 - 709 - -
VRE-4 - - - - - 125 - - 100 265 353 - -
VRE-5 - - - - - 129 - - 100 - 709 - -
VRE-6 - - - - - 125 - - 100 114 503 - -
Seasonal RE Only - - - - - - 128 7 57% - - 138 51
LC-1 - - - - - 129 - - 100 32 709 - -
LC-2 - - - - 32 122 - - 100 404 242 - -
LC-3 - - - - - 129 - - 100 - 709 - -
LC-4 - - - - - 125 - - 100 198 290 128 7
LC-5 - - - - - 129 - - 100 - 709 - -
LC-6 - - - - - 125 - - 100 72 451 128 7
Bold values indicate the scenarios where the 100% target is achieved
Table 13 Cumulative capacity addition for Bohol province under the HRE-RDPP generation scenario, MW
capacity addition Scenario 35% RE 50% RE Max %RE ~ Max %RE

- : - - Share (%) - :

Solar Wind Bio Hydro Solar Wind Bio Hydro Solar Wind Bio Hydro
Only Solar PV (100 MW/km?) — - - - 95.0 - - - 100 516.3 - - -
Only Solar PV (30 MW/km?) — — - - - 90.3 - - - 100 478.0 - - -
Only Solar PV (7.5 MW/km?) — — - - - 89.3 - - - 63 192.2 - - -
Only Wind (9 MW/km?) - - - - - 345 - - 100% - 208.1 - -
Only Wind (2.25 MW/km?) - - - - - 377 - - 96% - 1679 - -
Only Biomass - - - - - - 202 - 52% - - 218 -
Only Hydro - - - - - - - - 44% - - - 93
VRE-1 - - - - - 345 - - 100% 25.0 208.1 - -
VRE-2 - - - - - 377 - - 100% 3158 735 - -
VRE-3 - - - - - 345 - - 100% - 208.1 - -
VRE-4 - - - - - 3717 - - 100% 207.2 100.9 - -
VRE-5 - - - - - 345 - - 100% - 208.1 - -
VRE-6 - - - - - 377 - - 100% 89.3 1472 - -
Seasonal RE Only - - - - - - 172 12 58% - - 218 93
LC-1 - - - - - 345 - - 100% 25.0 208.1 - -
LC-2 - - - - - 377 - - 100% 3158 735 - -
LC-3 - - - - - 345 - - 100% - 208.1 - -
LC-4 - - - - - 377 - - 100% 1549 869 202 1.2
LC-5 - - - - - 345 - - 100% - 208.1 - -
LC-6 - - - - - 377 - - 100% 56.5 1314 202 12
Bold values indicate the scenarios where the 100% target is achieved
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Table 14 Cumulative energy generation for Bohol RE capacity addition under the HRE generation scenario, GWh

Capacity addition scenario 35% RE 50% RE Max %RE  Max %RE

Solar Wind Bio Hydo Solar Wind Bio Hydo ¢ Solr Wind Bio Hydro
Only Solar PV (100 MW/km?) - - - - 122 - - - 100 660 - - -
Only Solar PV (30 MW/km?) - - - - 115 - - - 100 611 - - -
Only Solar PV (7.5 MW/km?) - - - - 114 - - - 63 246 - - -
Only Wind (9 MW/km?) - - - - - 129 - - 100 - 709 - -
Only Wind (2.25 MW/km?) - - - - - 122 - - 96 - 564 - -
Only Biomass - - - - - - 128 - 52 - - 138 -
Only Hydro - - - - - - - 44 - - - sl
VRE-1 - - - - - 129 - - 100 32 709 - -
VRE-2 - - - - - 122 - - 100 404 242 - -
VRE-3 - - - - - 129 - - 100 - 709 - -
VRE-4 - - - - - 122 - - 100 265 343 - -
VRE-5 - - - - - 129 - - 100 - 709 - -
VRE-6 - - - - - 122 - - 100 114 503 - -
Seasonal RE Only - - - - - - 109 7 58 - - 138 51
LC-1 - - - - - 129 - - 100 32 709 - -
LC-2 - - - - - 122 - - 100 404 242 - -
LC-3 - - - - - 129 - - 100 - 709 - -
LC-4 - - - - - 122 - - 100 198 290 128 7
LC-5 - - - - - 129 - - 100 - 709 - -
LC-6 - - - - - 122 - - 100 72 451 128

Bold values indicate the scenarios where the 100% target is achieved

LCOE

The LCOE of all modeled renewable projects varies with the
capacity factor, the economics of the particular technology,
and their corresponding distances from the existing trans-
mission infrastructure and road network. It appeared that
Bohol’s RE portfolio could be dominated by VREs, particu-
larly wind projects (see Tables 7, 8,9, 10, 11, 12, 13 and 14).
This is because wind projects have the lowest site-LCOE at
1.48 Php/kWh and that some of the potential wind projects
in the province are located along with the existing transmis-
sion grid and highways. Although several solar PV projects
are also located close to the grid and roads, they have a site-
LCOE of approximately 3.44 Php/ kWh—more than twice
as much as the wind. Biopower facilities are chosen near
the existing grid and highways; however, their site-LCOE is
more than thrice that of solar at 5.55 Php/kWh. Hydropower
projects have site-LCOE of 4.96 Php/kWh, but only one of
them is located close to the grid. Even when distances from
the road network and existing transmission line are consid-
ered, wind projects also came the most economical options
(see Fig. 8). Solar PV then follows, provided that they are
closer to the grid.

Meanwhile, for the target 35% RE, weighted LCOE may
vary between 2.28 and 7.31 Php/kWh under BAU and BAU-
RDPP generation scenarios (Tables 15 and 16). When only

]
* @ Springer

solar PV technologies are considered, a project with the
highest total LCOE of 9.78 Php/kWh can be included in the
portfolio. In contrast, a wind project closest to the grid came
the least-cost option in these scenarios (1.99 Php/kWh). For
the target 50% RE, weighted LCOE can also vary from 2.53
to 11.38 Php/kWh under the same scenario, including a solar
project at an LCOE of 22.80 Php/kWh—the highest. The
100% target can also be achieved at an LCOE ranging from
3.18 to 7.36 Php/kWh. Under HRE and HRE-RDPP genera-
tion scenarios, weighted LCOE for the 50% target can vary
between 2.28 and 7.31 Php/kWh (Tables 17 and 18). The
same solar project with a total LCOE of 9.78 Php/kWh can
be included in the portfolio. For the theoretical 100% RE,
weighted LCOE can vary between 3.18 and 7.46 Php/kWh
under these scenarios.

GHG emission reduction

When the country’s RE penetration continues and the
domestic oil-based power plant in Dampas continues its
operation, GHG emission reduction for the target 35%
RE share can vary between 115,700 and 132,300 tCO2e
(Table 15). However, when this power plant is retired, GHG
emission reduction lower boundary is reduced to 113,400
tCO2e (Table 16). Under both scenarios, GHG emission
reduction can vary between 221,400 and 265,500 tCO,e for
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the 50% target and between 583,800 and 732,800 tCO,e for
the theoretical 100% target. Meanwhile, when the country’s
RE penetration reaches 35% with new capacities deployed in
other provinces, GHG emission reduction for the 50% target
can vary between 117,400 and 150,800 tCO2e, and between
601,500 and 731,800 tCO,e for the theoretical 100% target
(see Table 17). However, when the oil-based power plant
is retired, lower boundaries reduce to 110,200 tCO2e and
583,800 tCO2e for the target 50% and theoretical 100%,
respectively (Table 18).

Retirement of Dampas oil-based power plant

Our evaluation of base cases for RE penetration in Bohol
initially suggests that the oil-based power located in Dampas
District, Tagbilaran City, has a little overall effect in the
province’s RE penetration (see Fig. 10 and Table 6). As the
RE share of the province increases, this effect is expected to
reduce. For instance, when this facility continues to operate
by 2030, the province’s RE share was estimated at 37.29% if
only biomass resources are considered, and the country’s RE
penetration continues. On its retirement, Bohol’s RE share
was estimated at 37.67%. Also, if only solar PVs are con-
sidered at a power density of 7.5 MW/km? under the same
assumption of the country’s RE penetration, the province’s
RE share is calculated at 51.49% when it is operated and
51.85% on its retirement. Moreover, we have seen little dif-
ferences in the Bohol’s RE portfolios (Table 7 vs Tables 9,
11 and 13), suggesting that this facility’s retirement also has
little effect.

Effects of varying the power density to weighted
LCOE

In this study, we found that varying the power density had
little effect on the LCOE of any given RE project, but had a
significant impact on the weighted LCOE of the portfolio.
In one end, site and interconnection LCOE are independent
of the capacity estimates and, thus, when the power density
of a given project is varied, only the road LCOE varies.
On the other end, the variation in power density will affect
the project’s estimated full capacity and its annual energy
generation and, therefore, the number of projects required
for the portfolio.

Let us take the case of solar PV projects. The LCOE of
all 103 solar PV projects ranges from 3.80 to 40.25 Php/
kWh in three different power density assumptions. To sup-
ply Bohol with RE between 118 and 121 GWh per year and
reach a 35% share, solar PV projects with LCOE ranging
from 3.80 to 3.89 Php/kWh at a weighted LCOE of 3.85
Php/kWh must be developed on the assumption of 100 MW/
km? power density (see Tables 15 and 16). However, on an

assumption of 30 MW/km? and 7.5 MW/km? power densi-
ties, solar projects more distant from the grid and road have
to be included in the portfolio to achieve the targeted energy
generation. Consequently, the LCOE range changes: 3.92 to
4.78 Php/kWh at a weighted LCOE of 4.28 Php/kWh on a
power density of 30 MW/km?, and 4.14 to 9.78 Php/kWh
at a weighted LCOE of 7.22 Php/kWh on a power density
of 7.5 MW/km®.

Challenges and opportunities in VRE integration:
a brief note

Voltage fluctuation, frequency oscillation, and harmonics are
the main power quality issues of VRE integration brought by
its intermittent nature [70]. Curtailment, reserves, storage,
and system stability are the significant challenges that will
come into the future Philippine grid considering high RE tar-
gets. A study conducted by the USAID and the Department
of Energy [71] revealed that the country’s existing power
system could handle an RE penetration of up to 50% with a
curtailment of less than 8%. It would only take coordinated
planning of generation and transmission development, as
well as additional reserve facilities. With high VREs, system
flexibility to accommodate the variability in the supply and
demand is often the most pressing concern, alongside energy
production costs [72]. Meanwhile, the temporal complemen-
tarity VRE projects in Bohol and spatial complementarity
in the context of the entire country [73] may create a more
favorable condition towards the integration of even deeper
targets. These are opportunities for further studies.

Conclusion

Our spatial analysis revealed that the technical potential of
domestic RE resources in Bohol is more than enough to
reach the 35% RE share. Depending on the assumption of
power density for VREs, the total capacity of all modeled
renewable projects ranges between 391 and 3265 MW—
capable of producing 999 GWh to 5724 GWh annually.
Bohol’s energy purchase by 2030 is estimated at 600 GWh,
so the RE portfolio can be any combination of solar PV,
wind, biopower, and hydropower projects.

Our analysis of Bohol province base cases revealed that
Bohol’s RE share is always higher than that of the country’s.
It can be attributed to the three domestic hydropower facili-
ties which have generated energy at a domestically higher
RE share than the country. When the country’s RE penetra-
tion continues, its RE share was estimated at 15.49%. At this
percentage, Bohol’s base RE share can be 19.13%. Mean-
while, when the country’s RE penetration reaches 35% with
new RE facilities installed outside the province, Bohol’s
base RE share can be 37.70%.
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It also appeared that not all capacity addition scenarios
have the potential to attain all the targets. For instance, when
the country’s RE penetration continues, it is possible to meet
the 35% RE share in all scenarios except when only hydro
is considered (up to 26% only). In this target, weighted
LCOE can vary between 2.28 and 7.31 Php/kWh and the
GHG emission reduction is approximately 120,000 tCO2e.
The higher 50% target is only possible if VRE projects are
included in the portfolio, while SRE projects are not enough
to reach this target. In this target, weighted LCOE can vary
from 2.53 to 11.38 Php/kWh, while the GHG emission
reduction is around 240,000 tCO2e. Meanwhile, when the
country’s RE penetration reaches 35% with new generation
facilities located outside the province, Bohol’s domestic and
imported RE is already enough to meet the target (37.7%).
In this case, the province can aspire for higher targets such
as 50%, utilizing its domestic RE resources. It is possible to
meet the said target at weighted LCOE which varies between
2.28 and 7.31 Php/kWh in all scenarios except when only
hydropower is considered. It is also possible to self-sustain
energy production for the province’s demand in all scenarios
with VRE projects in it.

We also found that retirement of the existing oil-based
domestic generating capacity has little effect on the renew-
able portfolio and the province’s RE share. Despite this
finding, this power plant energizes the province’s load
center serving emergency facilities during the month-long
power outages brought by typhoon Haiyan and the magni-
tude 7.1 earthquake in 2013. Thus, this facility is valuable
until the Cebu-Bohol interconnection will come online,
despite its contribution to the country’s GHG emissions.

Finally, we find that the varying the power densities
of variable REs have little effect on the total LCOE of a
particular project because it only affects the smaller road
component of LCOE. However, varying the power density
will vary the capacity and energy generation of a given
project and, thus, the number of projects required in the
portfolio. Therefore, RE projects located more distant
from the grid (usually with high LCOE) can be included in
the portfolio, and the weighted LCOE may rise. The range
of power density in the literature (especially for VREs) is
broad, and our findings may inform researchers and energy
planners about its possible impact.
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