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The RES-CAT Back-End Engineering:
This section presents all the mathematical formulations and assumptions used in the design and

development of the RES-CAT tool.

1. Energy Balance

The energy balance equation for all the RES resources is formulated based on Equation (1.a).
Epy, + Ewr, + Epc,+EGria pur, + Epp; = Egria_seu,t Epc, + ELoadt (1.a)

Where the first term represents the hourly electricity generated from the photovoltaics (Epy, ). The second
term represents the hourly electricity generated by the wind turbines (Eyr,). The third term accounts for the
hourly electricity produced by the biomass generators (Epg,). The fourth term depicts the hourly electricity
purchased from the main grid (Egyiq pur t). The fifth term represents the hourly electricity discharged from
the battery (Epp,). The sixth term denotes the hourly electricity sold to the main grid (Egrig_sen t). The
seventh term indicates the hourly electricity charged into the battery (Epc,). Finally, the last term represents

the hourly electricity load demand (Eoqq,)-

2. Solar PV Electricity Generation
The RES-CAT tool PV electricity generation formulation adopts three key system aspects to ensure

effectiveness and accuracy.

I. PV Array Technological Options

The RES-CAT tool considers four PV array technologies: Monocrystalline I, Monocrystalline II,
Polycrystalline 1, and Polycrystalline II, each with distinct technical specifications (capacity, efficiency,

temperature coefficients).

II.  Core Inputs & Performance Adjustments



The tool uses geographical data (location, tilt, orientation), meteorological data (radiation, temperature),
and manufacturer specifications (capacity, derating factor, efficiency). In addition, hourly output is calculated
by adjusting for cell temperature rise (up to 30°C above ambient), with performance corrected using the

temperature coefficient and efficiency curves.

III.  Detailed Irradiance and Solar Geometry Modeling

The tool advances beyond raw horizontal radiation data by calculating global tilted irradiance through the
integration of beam, diffuse, and ground-reflected components. It further incorporates solar geometry
parameters (declination, hour angle, anisotropy index, horizon brightening, albedo) alongside panel slope
and azimuth orientation. This allows for precise, hourly estimation of PV output under real-world conditions,
capturing the full effect of tilt, direction, and solar position on system performance. Figure 1 presents the
adopted modeling framework for solar PV electricity generation. From the model, the input parameters to be
defined by the user are the geographical data, meteorological data, the installed capacity, and the slope angle

of the solar PV panel in degrees. The solar PV electricity generated is obtained from equation (2.a).

Gr
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G
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where Ypy is the rated capacity of the PV array in kW (i.e., the output power under standard test conditions
of 1000W/m? luminous intensity, 25°C temperature, and 1.5 air mass). fpy is the derating factor of the PV
modules in percent. Gy is the incident solar radiation on PV arrays at the current time interval in kW/m?.
Grsrc is the standard test condition of the incident radiation in kW/m?. @, is the power temperature
coefticient in %/°C. T and T¢ sr¢ are the instantaneous PV cell temperature in Celsius and the standard test

condition cell temperature at 25°C, respectively. The hourly precise calculation of T, is expressed in

Equation (2.b).
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where Ty, Tc yocr, and T, yocr are the ambient temperature in Kelvin, nominal operating cell temperature
of 317 Kelvin, and ambient temperature at NOCT of 293 Kelvin, respectively. Gr and Gr yocr are the
incident solar radiation on the PV array in kW/m? and NOCT solar radiation, which is defined as 0.8 kW/m?,
respectively. T¢ s 1s the cell temperature under standard test conditions at 298 Kelvin. T and « are the
transmittance of any material covering the PV array and the PV array absorptance of solar in percent,
respectively. 1,y s7¢ 18 the maximum power point efficiency of the PV array under standard conditions in

percent, which is calculated using equation (2.c):

Yoy
=— 2.

where Apy is the PV array surface in m?, while G gr¢ is equal to 1 kW/m?,

The precise calculation of the hourly output power from PV arrays necessitates a specific determination
of the incident solar radiation received on the tiled surface in the targeted cities of Japan. Although climate
stations provide reliable radiation records, the provided records normally contain only the radiation of
horizontal surfaces, which lacks data on tilted surfaces. Total incident radiation on the tilted plane consists
of three components: reflected radiation, diffuse radiation, and beam radiation from the ground. Hence, Gr,

the global incident radiation on the PV array is calculated in equation (2.d).

G_T=(G_b+G_d-Ai)-Rb+G_d-(1—Ai)<1+zosﬁ>[1+fsin3<§>]+G-pg-<1_;05ﬁ) 2.d)

where G,and G, are the beam radiation and the radiation diffused in kW/m?, respectively. 4; is the
anisotropy index. Ry, is the ratio of the radiation of the beam on a tilted surface to the beam radiation on the
horizontal surface, obtained using equation (2.e). The horizon brightening factor f is calculated using
equation (2.f). pyis the ground reflectance in percentage, which can also be referred to as the albedo. S is

the slope of the surface in degrees.

Ry, = (2.e)

2.1)



The notation G is the total of beam and diffuse radiation in kW/m?, obtained by summing the beam and the

diffuse radiations.

To calculate the anisotropy index using equation (2.g), G,, the averaged horizontal extraterrestrial radiation
over the time interval in kW/m?, and G,, is the normal extraterrestrial radiation in kW/m? shall be

sequentially obtained using equations (2.h) and (2.1):
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360n ,
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where w;and w, are the hour angle at the start of the time interval and the hour angle at the close of the
time interval in degrees, respectively. n is the day number in the year. Gq.is the solar constant of 1.367 kW/m?.
On the other hand, the formed slope angle between the panel surface, the horizontal axis, and the azimuth
direction of the panel surface faces is given. Then, sequentially, the declination of the sun and the hour angle
of the sun location in the sky are calculated using equations (2.j) and (2.k). For instance, if the obtained hour

angle is equal to 15, the sun moves 15° per hour across the sky.
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where § is the declination of the sun in degrees. n is the day number in the year. w is the hour angle in
degrees. tyis the solar time in hours, which can be obtained using equation (2.1). This necessitates an

advanced calculation for the equation of time as expressed in (2.m):

ts —Z,+E 2.1)
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E = 3.82(0.000075 + 0.001868 - cos B — 0.032077
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where ¢, is the civil time in hourly intervals, which corresponds to the time intervals’ midpoint. A is the
location’s longitude in degrees. Zis the east of GMT time zone in hours. E is the equation of time in hours.
Eventually, the angle of incidence can be obtained for any surface orientation using equation (2.n) as follows:
cosf =sind -sin¢g-cosf —sind-cosg-sinf-cosy +cosd-cosg-cosf-cosw + cosd -sing
*sinf - cosy-cosw +coséd -sinf -siny - sinw 2.p)
where 6, 8, and y are the angle of incidence, the slope of the surface, and the azimuth of the surface in
degrees, respectively. ¢, §, and w are the latitude, solar declination, and hour angle in degrees, respectively.
0, is the zenith angle in degrees, which can be obtained using equation (2.p).
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Figure 1: The modeling methodology for estimating solar PV electricity [1]



3. Wind Turbines Electricity Generation

This tool consists of 379 classifications of wind turbines per manufacturer: rated capacity, blade diameter,
rated velocity, and cut-in velocity. The turbines were configured to generate the maximum power at the
minimum wind speed. In this model, the ideal condition where the turbine blades capture all flowing wind is

expressed in the equivalent electric power output using equation (3.a).

Ewre = CpPiy (3.a)

where P, is the electric power output from the wind turbine. C,, denotes the coefficient of power due to the
wind turbine rotor’s aerodynamic efficiency, which is a function of the tip speed ratio and pitch angle. P, is
the mechanical wind power harnessed by the turbine as calculated using equation (3.b). This relies on the
Rankine—Froude model, accounting for rotational flow with emphasis on propellers; the power through a
cross-sectional area is normal to the swept wind by the rotor blades. Equation (3.c) expresses the substitution

of the harnessed wind mechanical power of (3.b) into (3.c), considering the tip speed ratio and pitch angle.

1
PiTl =§’DAU3 (3b)

1
Ewre = ECp(/Lﬁ)PAV3 (3.0)

where p is the air density. A is the blades’ swept area. v is the wind speed in m/s. A and £ are the tip speed
ratio and pitch angle, respectively. The tip speed ratio can be obtained using the ratio between the fringe
speed of the blades and the wind speed, as expressed in equation (3.d).

_ QR
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A (3.d)

where Q is the rotational speed of the blades in radians per second. R is the blade radius, and v is the free
stream velocity of the wind. The value of the power coefficient as a function of tip speed ratio and pitch angle

can be obtained as expressed in equation (3.1).
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The total wind power is extracted according to the specified wind turbine type, where the wind speed of
a given location at reference height, cut-in speed (i.e., minimum limit of electricity generation), cut-out speed

(i.e., the maximum limit of electricity generation), and rated speed are given. This is mathematically

calculated using equation (3.h).

UV — Vcin
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where P,,;nq 18 the total generated electric power in kWh. v refers to the wind speed in meters per second
for the defined height of H. v, V¢, and v, refer to the cut-in speed, cut-out speed, and rated wind speed
in meters per second, respectively. v, denotes the measured wind speed at the reference height in meters.
The hourly generated wind power according to a given wind turbine type and manufacturer datasheets for a
given location is calculated. The modeling equations of the overall power generated from the wind turbines

are shown in Figure .
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Figure 2: Overall power generation for the wind turbine.




4. Biomass Electricity Generation

The tool offers two types of biomass electricity supply technologies based on the feedstock categories.
These are classified into the combustion of wood and agricultural feedstocks and waste-to-energy (WtE)
incineration technology using municipal solid waste (MSW). The biomass electricity supply is estimated as
modeled in [2]. However, the modeling approach is specifically customized to align with the overall HRES
objective. In this model, the parameters are geographical information, meteorological data, biomass
feedstock type, generation plant capacity, and combustion system. The energy and mass balance are modeled

to obtain the hourly electricity output from biomass.
Feedstock Type:

The elemental composition of the biomass feedstock, mass fraction, net calorific value (i.e., low heating
value (LHV)), gross calorific value (i.e., high heating value (HHV)), and dry-basis moisture content of the
selected feedstock type are obtained. The model imports the feedstock's elemental composition and dry
moisture content based on the given geographical location and feedstock type. The monthly ambient

temperature and relative humidity are calculated using equations (4.a) and (4.b), respectively.

NX3AT,
_ 2= 4,
47 N x 24 (4.a)
NX24
__ 4&n=0 T
= (4.b)

where T, is the ambient temperature in Celsius. T;, is the temperature of the nth hour of the month in
Celsius. n is the number of monthly hours, while N denotes the number of days in the month. 7 is the relative
humidity in percent, and 7;, is the relative humidity of the nth hour of the month in percent. The wet basis
moisture content of the specified feedstock is calculated using equation (4.c), while the elemental
composition of the feedstock, mass fraction, LHV, HHV, and M, of the specified feedstock type are specified
in the study.

M, = _ Map (4.¢)
WP+ M) '



where M,,,and M, are the wet and dry basis moisture content in percent, respectively. Depending on the
availability of comprehensive data sets, the HHV can alternatively be obtained for any feedstock type using

equation (4.d) or (4.e).
HHV = LHV + 10.30 (H, X 8.94) (4.4)
HHV = 3.55C? — 232C — 2,230H + 51.2C X H + 131N + 20,600 (4.e)

where HHV and LHV are the high and low heating values in British thermal units per pound (Btu/lb),
respectively. H, is the fuel diatomic hydrogen in mass percent. H, C, and N are the hydrogen, carbon, and

nitrogen dry biomass weight percent, respectively.

Generating Capacity and Combustion Type

The HRES tool offers four types of combustion systems for the wood and agricultural feedstocks, which
range from a scale of 1 kW up to 150 MW with various output efficiencies. This comprises Bed combustors
such as fluidized-bed combustors and fixed-bed combustors, which are the most expensive solutions in terms
of capital cost, operational costs, and maintenance costs. Meanwhile, the most efficient solutions are in terms
of output power and environmental pollution. The cyclone combustors are suitable for low-scale capacities,
while the output power and environmental pollution efficiency are slightly lower than bed combustors. Lastly,
the grate stokers combustors are generally the least expensive solutions, offering the least efficiency. On the
other hand, for WtE incineration, the HRES offers fluidized-bed combustors and grate stokers combustors

as the most popular technologies.

Energy Balance

The energy balance calculation follows the Btu method to obtain the energy balance; the efficiency losses
of moisture in fuel, unburned fuel, dry flue gas losses, latent heat, moisture in the air, and miscellaneous
manufacturing losses are estimated. The moisture in fuel losses is calculated using equation (4.f).

L (Hy—Hy)
€ruel moisture — Mdb W (4f)



Where €fye moisture 1S the moisture in fuel losses in percent. H; and H,are the water’s enthalpy of the

biomass at pre-combustion and the vaporized moisture enthalpy of the stack steam in Btu/lb, calculated using

equations (4.g) and (4.h), respectively.
H, = (0.00003958Tg; + 0.4329)Tx; + 1,062.2 (4.h)

where T, is the ambient temperature in Fahrenheit. Tr4is the steam leaving the stack temperature at the
flue gas temperature, in Fahrenheit. The unburned fuel depends on the boiler type, which is a consequence
of incomplete combustion due to the excess air amount. For well-maintained boilers and at acceptable excess

air levels, the unburned fuel varies according to the technology, as demonstrated in equation (4.1).

3.5% for stoker boilers
Nunburned carbon = 0.25% for FBC (4.1)
3.0% Cyclone

where Nynpurned carbon 15 the loss due to the unburned carbon in the fuel. The dry gas’s mass flow rate is
calculated using equation (4.j). Sequentially, the dry flue gas loss is calculated based on the temperature
difference of the inlet air and the outlet steam leaving the stack at the flue gas temperature in Fahrenheit, as

expressed in equation (4.k).

. a 1 .
7= <((12.7c +38.1H) x (1 + W) - 0.50>H—HV (4.))
€dry gas loss = 24 X (Tpg —Ty) n (4.k)

where 7 is the dry gas’s mass flow rate in pounds per Btu fuel. a is the excess fed air based on the combustion
system type, in percent. The latent heat losses generated due to the chemical reaction of the free hydrogen
with the oxygen during the combustion are estimated from the generated steam during the combustion

process using equation (4.1).

H x 100 x 8.94
€latent heat — HHV (HZ - Hl) (4' l)




where €;,tent neat 1 the latent heat efficiency as a percentage of the total input heat. H; and H, are the
water’s enthalpy. The moisture in air losses are the spatiotemporal effects that vary with the geographical
location and hourly climate parameters. In this model, the moisture in air losses is calculated using equation

(4.m).

(0.01 X r X P,y
Pb_(0.0].XT'XPvd

€moisture inair = 45 XN <0-622 X ( )) (Trg — Ta) (4.m)
where e,pisture in air 18 the moisture in air efficiency in percent. r is the relative humidity. 7 is the mass
flow rate of dry gas. P, denotes the barometric pressure, while P, is the saturated absolute pressure as

calculated using equation 4.n):

17.2694TC) 4.n)
N

P,q = 0.0886 (—
vd °\T, + 2383

where P,; is the water vapor’s absolute saturated pressure in psi. T, is the ambient temperature in Celsius.

Lastly, the manufacturer’s margin losses are all lumped together. This includes radiation in the ash pit,
sensible heat in ash, and sensible heat in flue dust. In this model, the manufacturer’s margin losses are denoted

by €nany are assumed to be 2.03.

Mass Balance

The combustion system’s mass balance is obtained through two material balances: the boiler steam and
the biomass stream. After vaporization at the combustion stage, the useful heat is transferred to the feedwater
in the boiler stream. Hence, since the generating plant capacity is given, the amount of heat is calculated by
converting the generating capacity from kW to Btu and considering steam cycle and energy balance

efficiencies as follows:



Q
_ Opesign X 3,412.14

Nsteam cycle

(100 - (efuel moisture + €unburned carbon + edry gas loss + €latent heat + Cmoisture in air + emanu))

X 100 (4.p)

where Q is the steam heat to be supplied to the turbine in Btu. Opesign 1s the generating capacity in kW.
3,412.14 is the kW-to-Btu conversion factor, while Nsteqm cycie denotes the steam cycle efficiencies,
normally assumed to be around 40%. efyeimoisture » €unburned carbon » €dry gasloss » €latent heat »
Emoisture in air> aNd €nany are the efficiency losses representing the heat loss due to the energy balance.
Using the obtained steam heat to be supplied to the turbine, the biomass feeding rate can be calculated using

equation (4.q).

(100 - (emoisture in air + €latent heat + efuel moisture + €manu + €rad + edry gas loss))
100

HHV X

4.q)

where b is the biomass feeding rate in Ib/hr. HHV is the feedstock gross calorific value. Consequently, by
obtaining the heat transferred to the feedwater boiler and the biomass feeding rate, the net annual biomass-

generated electricity is calculated as expressed in equation (4.r).

( 28760 Q X Nsteam cycle X t)
3,412.14

(4.7)

Onet =
where O, is the net annual output of the biomass generator in kWh. t denotes the time interval of one
hour.
Biomass output parameters

The power plant’s parasitic load is the self-consumption required by the operation (i.e., pumps, electronic
control, motors, and on-site miscellaneous loads), which is usually assumed to be between 10 and 15 percent.

This study considers the parasitic 10 percent load of the net generated electric energy. The total generated



energy in kWh is calculated considering the net generated power and parasitic load from the relation

expressed in equation (4.s).

P
Onet = Ogross X (1 - E) (4.5)

where Ogyy.os5 18 the total generated energy in kWh, and Oy, is the net generated energy considering the
parasitic load P in percent. On the other hand, the heat rate (MMBtu/MWh), thermal efficiency in percent,
capacity factor in percent, hourly net generated energy in kWh, and the annual generated energy in kWh are

calculated using equations (4.t) to (4.x), respectively.

. _ bxHHV it

gross - Onet X 1000 ( . )
— b x LHV .

net = 5 % 1000 (4-u)

341.23 (4.7)

n , =5 .U

therm HHV HRgross
341.23 (4w)
n , =775 W
therm,LHV HRnet
Onet

CF

_ 4.
Caesign X 8760 (4-x)

where the gross heat rate HRyo5s in MMBtu/MWh is calculated using equation (4.t), considering the
amount of biomass feeding rate in Ib/year, HHV, and the net annual output energy. Equation (4.u) calculates
the net heat rate. HR,.; in MMBtu/MWHh, considering the LHV. Furthermore, the thermal efficiency at HHV
Ntherm,upy and at LHV 0p0rm 1 py are calculated using equations (4.v) and (4.w), in percent, respectively.

Eventually, the capacity factor in percent is calculated.



5. Energy Storage Cycles of Electric Batteries:

The charging and discharging cycles are based on the given technology and initial charging state. The
energy storage of electric batteries is restricted to off-grid mode and with disabled biomass generation. The

conditions of charging and discharging cycles are expressed in equations (5.a) and (5.b), respectively.

Epy, + Ewr; > ELoad, (5.a)
Epy, + Ewr, < ELoad, (5.b)
Ecp, = Epv, + Ewr,—Eroaa, (5.¢)

where Epy ,is the hourly generated electricity from solar panels for the time step of ¢ in kWh. Eyr,is the
hourly generated electricity from wind in kWh. E} ;44,18 the hourly electricity demand in kWh. E¢p is the

charged or discharged amount of battery energy, whereas the negative sign indicates the discharging direction.
The surplus power from the renewable energy supply aims to charge the batteries, while during the supply
shortage, the batteries discharge to support the renewable energy supply. The rated power of the battery
energy storage is sized based on the peak load of the HRES as expressed in equation (5.d). The batteries’
state of charge is constrained to be between a minimum discharging level of more than 20% and a maximum
charging level of below 80% to maximize the efficiency and lifetime of the batteries. Hence, the hourly state

of charge is calculated as formulated in equation (5.d).

E} max - AD
Py = —pMax “7 .
R= Dpob.n, ®.d)
20% < SOC, < 80% (5.e)
E .
S0C, = SOC,_, + C”;—m’“’ (5.f)
R

Where Ppis the size of the rated power capacity of the battery in kWh. E} 4/, 1s the peak demand load in
kWh. AD is the autonomy days of the batteries, which is the time period the battery can meet the demand
without a charging event. The sizing of all battery technologies is modeled by considering three days of

autonomy. DOD is the depth of discharge in percent, which varies according to the technology and



manufacturer. The technical specification of the applied battery. i, and 71;,,, are the battery round-trip

efficiency and inverter efficiency in percent, respectively.

6. Pollutant concentrations change using a dispersion model

The dispersion model employs a steady-state Gaussian dispersion model to estimate the hourly

concentration at downwind distance, X, in km and the crosswind distance, y, in km.

(6.a)

2
_ QH y
C = 210,6,3, exp|—0.5 5,

H = |exp (—0.5 (Z(; h>2> + |exp (—0.5 (Z;- h>2> (6.b)

8, = 465.12xtan(0.0174(0 — u In(x)) (6.0)

6, = 0xP (6.d)
H p

Vs = 1 (g> (6.e)

where, C is the concentration in g/m’. E is the emission rate of the pollutant. vis the average wind speed
at the height of release in m/s. z is the height of the receptor in meters. §,, and §, are the standard deviations
of concentration distribution for the lateral and vertical directions in meters, respectively. h is the height of
the effective source, with respect to the vertical distance between the ground and the exhaust pipe. 0, y, 0,
and p are the constant coefficients, which are defined according to the given values of the local area’s stability

category. X is the source distance in meters.



7. Potential Reduction in GHG Emissions and Air Pollutants

The viability of the avoided emissions stems from estimating the substitution of the polluted electric
energy of the national grid with cleaner HRES electricity. This is mathematically expressed using Equations

(7.a)—(7.c).

AE = (Er — E;) X EFy griq 7.0)

Ey = Z Z E., (7.b)
t T

E, = Z Z Cor 7.0)
t T

where AE is the annual avoided GHG emissions and air pollutants in tons per year. Er and E_ are the
annual total electricity generation and the annual self-electricity consumption of the proposed HRES per year,
respectively. EFy, griq 1s the electricity grid’s pollutant emission factors. E; is the hourly electricity
generation per technology 7 (i.e., solar, wind, biomass, and battery). C;, is the hourly self-electricity

consumption of technology .

8. Public Health Co-Benefit Assessment

The proposed methodology in this research uses DALYs to indicate the mortality caused by the different
diseases. DALY are defined as the total of years of potential life lost from premature death and disability-
related diseases. The percentage change in the health outcome for each unit change in PM> 5 concentration is
used to calculate the effect estimates for DALY's. The health burden of the population was obtained based on
selected diseases for the exposure group in the targeted locus of Japan. The diseases encompass chronic
obstructive pulmonary disease (COD), ischemic heart disease (IHD), cerebrovascular disease (Stroke), lung
cancer (LC), tuberculosis and bronchus (TB), and acute lower respiratory infections (ALRI). The relative
risk of the exposure level of interest for the subject diseases is a function of the health response to a change
in PM2 s concentration per pollutant concentration, and the pollutant concentrations change with respect to

the baseline indices, as expressed in Equation (8.a).



RRm,n = f(ﬁ:ACPM) (8. a)

where RR;, ,, 1s the relative risk of the exposure level of interest for the subject diseases. £ is the coefficient
of the health response to a change in PM> 5 concentration. ACp,, is the change in pollutant concentrations
with respect to the baseline indices. In this study, a dispersion model is developed to find the change in
pollutant concentrations, considering the baseline concentration of PM; 5 as the major air pollutant. m and n
are the selected disease and the exposure group, respectively. Sequentially, based on the obtained relative
risk, the population-attributable risk fraction (PAF,, ,,) for the selected disease was calculated using Equation

(8.b).

RRp, —1
PAE, , = —— 8.b
mn RRm'n ( )
The overall mortality and morbidity are measured using the following equations:
ADALYSm,n = (DALYSm,n,base X PAFm,n,base) - (DALYSm,n,int X PAFm,n,int) (8- C)

where DALYs,, , is the DALY attributable to the selected disease (m) in the exposure group (n).
ADALY sy, ,, 1s the DALY's averted from the intervention scenario, after deploying the proposed HRES. base
and int denote baseline and intervention scenarios. The values of the DALY s,, ;, pqse for the selected diseases
are obtained. The monetized benefits of averted DALYs can be estimated based on the per capita gross

domestic product (PGDP) that an individual with a healthy life can achieve in one year:
AVCpm = PGDP X ADALY Sy, (8.d)

where AV C,, ,,, represents the avoided cost of mortality and morbidity due to averted DALY's in a year.

9. Cost-benefit Assessment

The profitability of the intervention scenarios was investigated through the economic feasibility of
implementing the HRES resources. This includes the net profit values, payback period, and marginal
abatement cost. In this tool, the amount of energy imported from the national grid to balance the unmet

demand of HRES was considered a purchasing expense, while the surplus energy exported to the national



grid was considered revenue. Given this, the cost—benefit analysis of integrating the HRES can be exploited

as expressed in Equations (9.a)—(9.¢)

R
NPV = Z?=1(1+—§)t -C (9.2)
Rt - (ASt - CEt) (9. b)
AS, = ASElctricity,t + ASCo—benefits,t (9- C)

where NPV is the net present value calculated for the period of the project lifetime. R, represents the cash
flow at year t, which is calculated by subtracting the outflow cash from the inflow cash. C is the total capital
and installation costs. T is the project lifetime, and r is the discount rate. AS; is the incoming cash flow,
which includes the revenues from selling electricity to the HRES’s end customers and the national grid, as
denoted by ASgictricity,c- In addition, the monetized health co-benefits (AVC) as obtained in the previous
section are included in the incoming cash flow calculation, which is denoted by ASc,_penerits,t- CE¢ 1s the
cash outflow, including fixed, operational, and maintenance costs. Sequentially, the payback period of the
utilized HRES was calculated annually considering the total capital and installation costs, and the marginal
annual cash flow is shown in Equation (9.a) and Equation (9.d), respectively. The marginal abatement cost

of the total GHG emissions abated over the project lifetime was calculated as expressed in Equation (9.e).

C
1+t
—NPV
MAC = —— (9.e)

where PBP is the payback period calculated per annum. MAC is the marginal abatement cost in USD
per ton of GHG emissions abated. TEA is the cumulative GHG emissions abated over the project lifetime in

tons.



10. Green job and economy

The integration of the Matching model, Cobb-Douglas production model, and the Leontief input-output
(I-O) model is achieved by acquisition of data from Input-Output tables and the supply-use tables. The tables
comprise a sector-to-sector matrix of 45 by 45 quantifying economic interrelationships, illustrating producer-
consumer linkages. This dataset offers statistics and charts for analyzing internal and cross-border production
and consumption in the Philippines at local, regional, and global levels. Processing these data leads to the
extraction of an employment factor coefficient, ¢, and green economy coefficient E¢, for solar energy.

Figure 3 illustrates the overall methodological flowchart.

Extraction of Partial Equilibrium Results | ) Determination of Capacity, Capital
from National Input-Output Tables in —|>Cost, and Solar Power Generation [_‘
Philippines

|\ Extraction of Solar Power Green
n Economy Coefficients

LN _Extraction of Solar Power Job
> Creation Coefficients
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Interdependence to other Impact over other sectors of —
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J

Output Change:
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Sector by Sector AFsupermakets Green Economic Contribution :
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Figure 3: Overall methodological flowchart expanded from the National Input-Output table to
estimate job creation and green economy coefficient

The employment coefficient is calculated through sequential formulation. /7 is the coefficient considered
in equation (10.a) to determine the total number of jobs created in each project scenario. Jp, denotes the

employment coefficient for solar power, Ppy is the generated electricity from the solar power project.
Jr =Jpv " Ppy (10.a)

The production equation, based on the Cobb-Douglas production model, is formulated for n sectors within

a specified region, r. This formulation ensures alignment with the production balance and corresponds to the

structure of the input-output table as follows:

X=[1-A4]1y (10.b)



Where X and A represents the total output per sector, while the sector-by-sector, nxn, are the intermediate
input coefficient matrix of one region, with each element of A;; displaying the intermediate input needed
from sector i to generate one unit of the final product of sector j, respectively. y is the total final demand

vector. Sequentially, the resulting equilibrium is transformed into a system of linear equations, incorporating weighted
values derived from the input-output tables. These weighted values reflect sectoral interdependencies and economic
contributions, enhancing the accuracy of the equilibrium representation. The system is then augmented into a matrix

form, as expressed in equation (10.c):

e [ I Al A12 A3 414 1 _1[y1]
[xz} | A% A22 A 42| I y?2 I

3 l=(1-| 4% 4% AR a3y (10.¢)
[ 5 4] R VRS A44| y 4
lx5 J i lA51 A52 A53 A54 J_ lyS J

The counters from 1 to 5 represent the construction of solar power facilities, operation of solar power
facilities, Solar power electricity contribution to indirect sectors, other renewable energy power generation,
and non-electricity sectors that are indirectly related to solar power. This shows the inter-sectoral transactions
within a single region, driven by solar power generation activities, which enable the calculation of a distinct
employment coefficient. The input from other sectors to support solar power generation serves the
requirements of the different sectors as catered in A™'x™/(e.g., A*x? ). This coefficient solely depends on
the solar power generation capacity in the form of construction, operational, and indirectly related sectors to
determine the potential number of jobs generated. The Leontief Inverse Matrix (the total requirements matrix)
is applied in the input-output analysis. This matrix illustrates the quantity of gross output from sector i needed
to fulfill one unit of final demand y from sector j. Sequentially, the job creation coefficient is calculated by
matching ( J; ¢ s), formed in the i*" sector, in the region, r, in year, t, under scenario, r, as expressed by

(10.d):

1 d
]i,r,t,s = Ui,r,t,s) (10- d)

irts



Where ]Sr,t,s are the regular direct employment opportunities in the i™ sector, in region r for year t under
scenario S. X; .t s 18 the total production output. The values for ]fnt‘s are obtained from the input-output table.

The employment coefficient, /¢, is determined by solving the linear system of equations expressed in (10.¢):

e, A1l A12 A3 14 Lyt
Ic, 421 A22 A23  p24 y?
Jr=c|{1 -] A3t A3 A33 A34 y3 (10.e)
]C4 A 4 42 A4 g y4
l/csj AS1 452 453 454 | ySJ

Where y™ is the share of the ultimate demand allocated to a sector, calculated using the capital cost of
the associated sector, employment value relative to the sector, and the wage for a regular employee within

the sector.

yni = ﬁ(ei " Wi) (10.1)

Where x™ is the capital cost of sector i. e is the employment value in the sector. w' is the wage for a
regular employee within the sector. The economic contribution reveals how wages spent by green job workers
circulate through the economy, affecting various sectors, and driving demand for goods and services.
Construction of renewable energy projects generates employment for engineers, electricians, and laborers,
while procurement of sustainable materials benefits manufacturers and suppliers. Operations and
maintenance create long-term jobs for technicians and system operators, ensuring efficiency in solar power
generation systems. Indirect employment emerges to offer crucial support in areas such as consulting, finance,
legal services, and supply chain management, further amplifying economic activity. The green economy
therefore strengthens supply chains, boosting job creation in manufacturing, logistics, and technology. The
workers’ earnings support businesses in retail, healthcare, and real estate, creating economic resilience and
growth. In this report, a comprehensive monetary assessment highlights how green jobs in solar system
projects drive economic growth, enhance sustainability, and foster a more resilient and robust economy. The
formulation of green economy contributions maintains consistency with production equilibrium and aligns

systematically with the structural framework of the input-output table as follows:

Sy=U-A)"-f (10.2)



Where Sy, A and f represents the total output vector for the solar sector, technical coefficient matrix, and
final demand vector, respectively. This corresponds to the Leontief inverse matrix (L) illustrated by equation
(10.h). The change in the final demand (AF;) in solar energy employment is based on equation (10.1), while
the solar energy employment green economic coefficient (Ej ) is tabulated as a function of the annual income
multiplier per person employed in the sector (E; ;;°) obtained from equation (10.j). The green economy

contribution E,,, for solar energy employment is therefore expressed according to equation (10.k).

L= —A)_l (5.1h)

Eis = z ._Et_ijS AX ij (5.1))
s_ij

Ecn = Eis 'AvWage (5.1k)

The overall back-end modeling flowchart of the activity parameters is depicted in Figure 4 below; the

detailed calculation methodologies are as explained in the preceding sections.

11. Electric Load Types

The load types in the developed methodology are typical patterns of residential, commercial, and
community loads, as depicted in Figure 4. Equation (11.a) aligns the deviation of the default hourly amount
of load patterns with the actual per capita capacity consumption by calculating the load adjustment factor.
The load adjustment factor is then employed to determine the system’s annual demand as expressed in
equation (11.b).

_ PCC
T %8780 10ad Pattern

LAF

(11.a)

¥87%0 Demand = LAF - Y8780 Load Pattern (11.b)



where LAF is the load adjustment factor, PCC is the per capita capacity consumption, and Load Pattern
denotes the default hourly load patterns, which can be selected from one of the typical patterns of residential,

commercial, or community loads. t is the hourly time step interval.

Average hourly load Average hourly load Average hourly load

= | Residential Commercial | COmmunity,

20,000

1000 10,000

800 15,000

kwh
W

10,000

200
I 2,000
il T 111 il ||
. .

SN TACREA SN E NS EE S NAS 1:00 3:00 5:00 7:00 %:00 11:0013:0015:0017:001%:0021:0023:00 1:00 3:00 5:00 7:00 9:00 11:0013:0015:0017:0019:0021:0023:00

Figure 4: Representation of the default typical load patterns

On the other hand, the number of load units for intervention scenarios is calculated based on the annual
supply from the HRES to the per capita capacity consumption as expressed in equation (5.2¢). Given this,
the hourly annual demand is employed to calculate the load factor, peak, annual, daily, hourly, and average
demand. However, the electric load modeling has the limitation of combining different types of loads. Thus,

the investigated intervention scenarios are limited to residential load patterns.

8760 HRES Supply
PCC

Number of load units = (10.¢0)
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    P  w i n d =    {      E  W T t  (   v −   v  C i n    v  r −   v  C i n ) ,         v  c i n ≤ v ≤   v  r           E  W T t ,                                                 v  r ≤ v ≤   v  C o   0 ,                                               v ≤   v  C i n ,   v ≥   v  C o                                                                                ( 3 . h )


  v =   v  r e f    (   H    H  r e f )  𝛼                                                                                                                                                                                       ( 3 . i )


  v =   v  r e f    (   H    H  r e f )  𝛼                                                                                                                                                                                       ( 3 . i )


    P  w i n d


  v


  H


    v  c i n


    v  C o


    v  r


    v  r e f


    T  A =     ∑  n = 0  N × 24    T  n  N × 24                                                                                                                                                                                                     ( 4 . a )


  r =     ∑  n = 0  N × 24    r  n  N × 24                                                                                                                                                                                                           ( 4 . b )


  r =     ∑  n = 0  N × 24    r  n  N × 24                                                                                                                                                                                                           ( 4 . b )


    T  A


    T  n


  n


  n


  N


  r


    r  n


  n


    M  d b


    M  w b =     M  d b  ( 1 +   M  d b )                                                                                                                                                                                         ( 4 . c )


    M  w b


    M  d b


  H H V = L H V + 10 . 30   (   H 2 × 8 . 94 )                                                                                                                                   ( 4 . d )


  H H V = 3 . 55   C 2 − 232 C − 2 , 230 H + 51 . 2 C × H + 131 N + 20 , 600           ( 4 . e )


  H H V = 3 . 55   C 2 − 232 C − 2 , 230 H + 51 . 2 C × H + 131 N + 20 , 600           ( 4 . e )


  H H V


  L H V


    H 2


    e  f u e l   m o i s t u r e   =   M  d b    (   H 2 −   H 1 )  H H V                                                                                                                                                   ( 4 . f )


    e  f u e l   m o i s t u r e  


    H 1


    H 2


    H 1 =   T  A − 32                                                                                                                                                                                                       ( 4 . g )


    H 2 =  ( 0 . 00003958   T  F G + 0 . 4329 )   T  F G + 1 , 062 . 2                                                                         ( 4 . h )


    H 2 =  ( 0 . 00003958   T  F G + 0 . 4329 )   T  F G + 1 , 062 . 2                                                                         ( 4 . h )


    T  A


    T  F G


    𝜂  u n b u r n e d   c a r b o n =  {    3 . 5 %   f o r   s t o k e r   b o i l e r s   0 . 25 %   f o r   F B C   3 . 0 %   C y c l o n e                                                                           ( 4 . i )


    𝜂  u n b u r n e d   c a r b o n


    n . =  (  ( ( 12 . 7 C + 38 . 1 H ) × ( 1 +   a 100 ) − 0 . 5 O )  1  H H V                                                           ( 4 . j )


    e  d r y   g a s   l o s s = 24 ×  (   T  F G −   T  A )       n .                                                                                                                               ( 4 . k )


    e  d r y   g a s   l o s s = 24 ×  (   T  F G −   T  A )       n .                                                                                                                               ( 4 . k )


    n .


  a


    e  l a t e n t   h e a t   =   H × 100 × 8 . 94  H H V       (   H 2 −   H 1 )                                                                                           ( 4 . l )


    e  l a t e n t   h e a t  


    H 1


    H 2


    e  m o i s t u r e   i n   a i r   = 45 ×   n .  ( 0 . 622 ×  (   ( 0 . 01 × r ×   P  v d    P  b − ( 0 . 01 × r ×   P  v d ) )  (   T  F G −   T  A )               ( 4 . m )


    e  m o i s t u r e   i n   a i r  


  r


    n .


    P  b


    P  v d


    P  v d = 0 . 0886 e  (   17 . 2694   T  c    T  c + 238 . 3 )                                                                                                                                                                               ( 4 . n )


    P  v d  


    T  c  


    e  m a n u


    Q . =     O  D e s i g n   × 3 , 412 . 14      𝜂  s t e a m   c y c l e ×  (    ( 100 −  (   e  f u e l   m o i s t u r e +   e  u n b u r n e d   c a r b o n +   e  d r y   g a s   l o s s +   e  l a t e n t   h e a t +   e  m o i s t u r e   i n   a i r +   e  m a n u ) ) 100 )     ( 4 . p )


    Q .


    O  D e s i g n


    𝜂  s t e a m   c y c l e


    e  f u e l   m o i s t u r e


    e  u n b u r n e d   c a r b o n


    e  d r y   g a s   l o s s


    e  l a t e n t   h e a t


    e  m o i s t u r e   i n   a i r


    e  m a n u


                    b . =     Q .  H H V ×  (    ( 100 −  (   e  m o i s t u r e   i n   a i r +   e  l a t e n t   h e a t +   e  f u e l   m o i s t u r e +   e  m a n u +   e  r a d +   e  d r y   g a s   l o s s ) ) 100 )


  ( 4 . q )


    b .


   


  H H V


    O  n e t =    (     ∑ 0 8760    Q . ×       𝜂  s t e a m   c y c l e ×   t )  3 , 412 . 14                                                                                                               ( 4 . r )


    O  n e t


  t


    O  n e t   =       O  g r o s s   ×  ( 1 −   P 100 )                                                                                                                                                             ( 4 . s )


    O  g r o s s  


    O  n e t  


  P


    H R  g r o s s =     b . × H H V    O  n e t   × 1000                                                                                                                                                                             ( 4 . t )


    H R  n e t =     b . × L H V    O  n e t   × 1000                                                                                                                                                                                     ( 4 . u )


    H R  n e t =     b . × L H V    O  n e t   × 1000                                                                                                                                                                                     ( 4 . u )


    𝜂  t h e r m , H H V =   341 . 23    H R  g r o s s                                                                                                                                                                                     ( 4 . v )


    𝜂  t h e r m , H H V =   341 . 23    H R  g r o s s                                                                                                                                                                                     ( 4 . v )


    𝜂  t h e r m , L H V =   341 . 23    H R  n e t                                                                                                                                                                                               ( 4 . w )


    𝜂  t h e r m , L H V =   341 . 23    H R  n e t                                                                                                                                                                                               ( 4 . w )


  C F =     O  n e t      C  d e s i g n × 8760                                                                                                                                                                                             ( 4 . x )


  C F =     O  n e t      C  d e s i g n × 8760                                                                                                                                                                                             ( 4 . x )


    H R  g r o s s


    H R  n e t


    𝜂  t h e r m , H H V


    𝜂  t h e r m , L H V


      E  P V  t +     E  W T  t     > E  L o a d  t                                                                                                                                                                                                 ( 5 . a )


      E  P V  t +     E  W T  t     < E  L o a d  t                                                                                                                                                                                                     ( 5 . b )


      E  P V  t +     E  W T  t     < E  L o a d  t                                                                                                                                                                                                     ( 5 . b )


      E  C D  t =     E  P V  t +     E  W T  t     − E  L o a d  t                                                                                                                                                                               ( 5 . c )


      E  C D  t =     E  P V  t +     E  W T  t     − E  L o a d  t                                                                                                                                                                               ( 5 . c )


      E  P V  t


  t


      E  W T  t


      E  L o a d  t


      E  C D  t


    P  R =     E  L , M a x ⋅ A D  D O D .   𝜂  b                                                                                                                                                                                                                 ( 5 . d )


    20 % < S O C  t < 80 %                                                                                                                                                                                                         ( 5 . e )


    20 % < S O C  t < 80 %                                                                                                                                                                                                         ( 5 . e )


    S O C  t =   S O C  t − 1 +       E  C D  t     𝜂  i n v    P  R                                                                                                                                                                                   ( 5 . f )


    S O C  t =   S O C  t − 1 +       E  C D  t     𝜂  i n v    P  R                                                                                                                                                                                   ( 5 . f )


    P  R


    E  L , M a x


  A D


  D O D


    𝜂  b


    𝜂  i n v


  C =   Q H  2 𝜋   v  s   𝛿  y   𝛿  z e x p  [ − 0 . 5    (   y    𝛿  y ) 2 ]                                                                                                                                                                             ( 6 . a )


  H =  [ e x p    ( − 0 . 5    (   z − h    𝛿  z ) 2 )  ] +  [ e x p    ( − 0 . 5    (   z + h    𝛿  z ) 2 )  ]                                                                                 ( 6 . b )


  H =  [ e x p    ( − 0 . 5    (   z − h    𝛿  z ) 2 )  ] +  [ e x p    ( − 0 . 5    (   z + h    𝛿  z ) 2 )  ]                                                                                 ( 6 . b )


    𝛿  y = 465 . 12 x t a n  ( 0 . 0174  ( 𝜃 − 𝜇   l n ⁡   ( x ) )                                                                                                                                                         ( 6 . c )


    𝛿  y = 465 . 12 x t a n  ( 0 . 0174  ( 𝜃 − 𝜇   l n ⁡   ( x ) )                                                                                                                                                         ( 6 . c )


    𝛿  z = 𝜕   x  𝜌                                                                                                                                                                                                                                                                           ( 6 . d )


    𝛿  z = 𝜕   x  𝜌                                                                                                                                                                                                                                                                           ( 6 . d )


    v  s =   v 0    (   H    z 0 )  p                                                                                                                                                                                                                                                         ( 6 . e )


    v  s =   v 0    (   H    z 0 )  p                                                                                                                                                                                                                                                         ( 6 . e )


    v  s


  z


    𝛿  y


    𝛿  z


  A E =   ( E  T −   E  c ) ×   E F  p ,   g r i d                                                                                                                                                                                                   ( 7 . a )


    E  T =     ∑  t    ∑  𝜏    E  𝜏 , t                                                                                                                                                                                                                                         ( 7 . b )


    E  T =     ∑  t    ∑  𝜏    E  𝜏 , t                                                                                                                                                                                                                                         ( 7 . b )


    E  c =   ∑  t    ∑  𝜏    C  𝜏 , t                                                                                                                                                                                                                                             ( 7 . c )


    E  c =   ∑  t    ∑  𝜏    C  𝜏 , t                                                                                                                                                                                                                                             ( 7 . c )


  A E


    E  T


    E  c


    E F  p ,   g r i d


    E  𝜏 , t


  𝜏  


    C  𝜏 , t


  𝜏


    R R  m , n = f  ( 𝛽 , ∆   C  P M )                                                                                                                                                                                                                                   ( 8 . a )


    R R  m , n


  𝛽


  ∆   C  P M


  m


  n


    P A F  m , n


    P A F  m , n =       R R  m , n − 1    R R  m , n                                                                                                                                                                                                                               ( 8 . b )


    A D A L Y s  m , n =   ( D A L Y s  m , n , b a s e ×   P A F  m , n , b a s e ) −   ( D A L Y s  m , n , i n t ×   P A F  m , n , i n t )                             ( 8 . c )


    D A L Y s  m , n


    A D A L Y s  m , n


    D A L Y s  m , n , b a s e


    A V C  n , m = P G D P ×   A D A L Y s  m , n                                                                                                                                                                           ( 8 . d )


    A V C  n , m


  N P V =   ∑  t = 1  T      R  t    ( 1 + r )  t − C                                                                                                                                                                           ( 9 . a )


                          R  t =  (   A S  t −   C E  t )                                                                                                                                                                                                                   ( 9 . b )  


              A S  t =   A S  E l c t r i c i t y ,   t +   A S  C o − b e n e f i t s ,   t                                                                                                                                                   ( 9 . c )  


              A S  t =   A S  E l c t r i c i t y ,   t +   A S  C o − b e n e f i t s ,   t                                                                                                                                                   ( 9 . c )  


  N P V


    R  t


  C


  r


    A S  t


    A S  E l c t r i c i t y ,   t


  A V C


    A S  C o − b e n e f i t s ,   t


    C E  t


  P B P =   ∑  t = 1  T    C      R  t    ( 1 + r )  t                                                                                                                                                                                                                                 ( 9 . d )


  M A C =   − N P V  T E A                                                                                                                                                                                                                                                           ( 9 . e )


  M A C =   − N P V  T E A                                                                                                                                                                                                                                                           ( 9 . e )


  P B P


  M A C


  T E A


    J    C  i k


    E    C  i k


    J  T


    J  P V


    P  P V


    J  T =   J  P V ∙   P  P V                                                                                                                                                                                                                                       ( 10 . a )


  n


  r


 


  X


  A


  n x n


   A  i , j


  i


  j


  y


           [ ]


    A  n , i   x  n , j


    A 11   x 1


    i


  y


  j


    J  i , r , t , s


      i  t h


  r ,


  t ,


  r


    J  i , r , t , s =  1    x  i , r , t , s ⋅ (   J  i , r , t , s  d )                                                                                                                                                                                                                                                                           ( 10 . d )


   J  i , r , t , s d


     i th


  r


  t


  s


    x  i , r , t , s


   J  i , r , t , s d


    J    C  i


    J  T =  [         J    C 1     J    C 2     J    C 3        J    C 4     J    C 5 ]    [ I −  [         A 11     A 21       A 12     A 22          A 13    A 14        A 23    A 24     A 31    A 32       A 33    A 34        A     A 51 41       A     A 52 42          A     A 53 43       A     A 54 44 ] ]  − 1  [      y 1        y 2           y 3          y 4       y 5 ]                                                                                                   ( 10 . e )


    y  n


    y  n i =  1    x  n i  (   e  i ∗   w  i )                                                                                                                                                                                                                                                                           ( 10 . f )


    x  n i


  i


    e  i


    w  i


    S  V =   ( I − A )  − 1 ∙ f                                                                                                                                                                                                                                                                   ( 10 . g )


    S  V ,   A   a n d   f


  L


  ∆   F  s


    E  i s


      E  t _ i j  s


    E  C n


  L =   ( I − A )  − 1                                                                                                                                                                                                                                                                                     ( 5 . 1 h )


  ∆ X =   L  i j ∙ ∆ F                                                                                                                                                                                                                                                                                         ( 5 . 1 i )


  ∆ X =   L  i j ∙ ∆ F                                                                                                                                                                                                                                                                                         ( 5 . 1 i )


    E  i s =   ∑  s _ i j      E  t _ i j  s ∙ ∆   X  s _ i j                                                                                                                                                                                                                                       ( 5 . 1 j )


    E  i s =   ∑  s _ i j      E  t _ i j  s ∙ ∆   X  s _ i j                                                                                                                                                                                                                                       ( 5 . 1 j )


    E  C n =   E  i s ∙   A v  W a g e                                                                                                                                                                                                                                                                   ( 5 . 1 k )


    E  C n =   E  i s ∙   A v  W a g e                                                                                                                                                                                                                                                                   ( 5 . 1 k )


  L A F =   P C C    ∑  t = 1 8760  L o a d   P a t t e r n                                                                                                                                                                                                                         ( 11 . a )


    ∑  t = 1 8760  D e m a n d =   L A F   ∙     ∑  t = 1 8760  L o a d   P a t t e r n                                                                                                                                 ( 11 . b )


  L A F


  P C C


  L o a d   P a t t e r n


  t


  N u m b e r   o f   l o a d   u n i t s =     ∑  t = 1 8760  H R E S   S u p p l y  P C C                                                                                                                                                                                     ( 10 .   c )

