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1. INTRODuCTION

1.1. Background and Context 
1. Most electrical systems in remote rural areas or small islands which are isolated from 
the large main electrical grids still rely on diesel generator sets to produce electricity. Diesel 
generators are cheap to install and are reliable, but their operation cost associated with fuel 
consumption results in the high cost of electricity in such islanded systems. Moreover, the 
cost of energy in these communities is totally vulnerable to market fluctuations of the price 
of fuel. In less-developed areas, this can mean periods of economical incapability to serve the 
electrical demand. In view of this, it seems logical to try substituting part of the fuel-based 
generation with the renewable energy, such as solar or wind energy, whose primary sources 
come at no cost and that do not pollute the environment. On the other hand, solar and wind 
energy are intermittent and are not completely predictable. Moreover, photovoltaic arrays 
and wind turbines have high initial investment costs. With today’s prices for the different 
generation and storage technologies, a compromise between (a) the controllable but high-
operating cost diesel generators and (b) the high-investment cost renewable energy sources 
and storage elements, seems to be the most economical solution in most cases.

2. Hybrid isolated electrical systems, commonly referred to as stand-alone microgrids or 
minigrids, are systems that combine diesel generators with renewable energy sources such as 
solar photovoltaic panels and wind turbines, and energy storage elements such as batteries, 
flywheels, or pumped hydro installations.

3. Determining the power generation mix and electric battery storage elements that 
result into the lowest cost of energy, while at the same time meeting other constraints such 
as minimum renewable energy penetration, available initial capital or maximum annual CO2 
emissions, is a complex problem. It depends on many factors such as, among others, the 
electric demand profile, solar and wind resources, price of fuel, or the available space.

1.2. About this Microsoft Excel-Based workbook
4. The purpose of this workbook is to assist in finding the most cost-effective 
configurations for a hybrid stand-alone system. To do this, the user introduces a search 
space of possible components, including diesel generators, wind turbines, solar photovoltaic 
installations, and battery storage along with technical and economic inputs for each element.

5. This Microsoft Excel-based workbook simulates operation for each possible 
configuration of the system that results from the search space of components introduced 
by the user. For this purpose, hourly time series are generated for electric demand, solar 
radiation, and wind speed based on data introduced by the user. 
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6. A Microsoft Excel macro lists all feasible combinations results over the lifetime of 
the project (typically between 20 and 25 years) such that the user can easily sort them by 
their net present cost. Many different results, such as costs detailed by component, annual 
cash flows, generation statistics, annual expected emissions and others, are automatically 
calculated for each feasible solution.

7. The interface is simple and straightforward; inputs for each component are separated 
in different tabs while results and graphs are presented in tabs as well.
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2. INPuT DATA FOR THE wORKBOOK

8. This section shows the required inputs to optimize a hybrid system design using the 
Microsoft Excel-based workbook. To introduce data, the user needs to go through the tabs 
filling the purple cells.

2.1. Project Data
The following data specified in Table 1 related to the project have to be introduced.

Table 1: Project Data

Project Data Operation Constraints

Project lifetime Wind spinning reserve coefficient

Real interest rate Photovoltaic spinning reserve coefficient

Load spinning reserve coefficient

Source: José Aguado (ADB consultant, Effergy Energia).

9. These parameters are defined as follows:

(i) Project lifetime (years). This is defined as length of time over which the costs 
of the system are calculated. Typical values range from 20 years to 30 years. Salvage 
value of components is considered at the end of the last year. 

(ii) Real interest rate (%). The real interest rate is used to discount annual cash 
flows to the present value of money to calculate the net present cost of the project. 
The real interest rate aims to discount the effect of inflation from the nominal interest 
rate (the interest rate at which the project is financed). By using the real interest rate, 
the net present costs can be considered constant monetary units. The real interest 
rate is computed as follows:

 

where  
 

 
 

 
 

where 

 

where  
 

 
 

 
 



4 Microsoft Excel-Based Tool Kit for Planning Hybrid Energy Systems

(iii) Spinning reserve coefficient. Spinning reserve is the margin that allows to 
immediately increase power output which running diesel generator sets must have at 
all times in order to quickly compensate for changes in demand and/or intermittent 
renewable generation. This margin can be computed as a percentage of the power 
demand, and solar and wind generation for each time step. For example, if the wind 
spinning reserve coefficient is 15%, this means that synchronized generator sets must 
be able to increase their power output in 15% of the wind power output for that time 
step for the spinning reserve requirement to be fulfilled. Batteries are also considered 
to provide spinning reserve. The amount of spinning reserve they provide in each 
time step is equal to the maximum amount of power that can be discharged by them 
during that time step.

The available spinning reserve for each time step is thusThe available spinning reserve for each time step is thus 

���������	�� =����� � (��������� � ����)
�

� �������������  

where  
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��������� = �����	�����	������	��	������	������	�	(��)	 
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The required spinning reserve, ��������	�� (���)�,	during each time step is computed as a percentage 
of the load and renewable generation as follows: 
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Figure 1: Project Data

PV = photovoltaic.

Source: José Aguado (ADB consultant, Effergy Energia).

2.2 Load Demand
11. To model electricity consumption through the year, the user has two options. The first 
option is to introduce 720 values (30 days hour by hour) if they are available from previous 
measures. The second option is to generate a synthetic time series based on a few inputs.

12. To generate an hourly time series that models 1 year for the electrical demand, the 
user needs to introduce the following inputs: 

 • Baseline demand profile. This consists of hourly values of demand for a typical day. 
This data is used as a baseline profile of the daily electricity consumption curve to 
generate the 720 values that model demand during the year.

 • Average load for each month (kW). This value represents the average value of the 
load for each month.

 • Two random variability coefficients. The higher these coefficients, the more 
demand will differ from the baseline profile. Usually, the lower the number of 
consumers the larger deviations that can be expected from the expected profile:

- Day-to-day (%)

- Hour-to-hour (%)

Figure 2 provides an example of load inputs in the workbook.

Project Date

Real Interest Rate

Project Lifetime

Wind Spinning Reserve Coe�cient
PV Spinning Reserve Coe�cient
Load Spinning Reserve Coe�cient

years

Operation Constraints

25

4,000%

0,000%
0,000%
0,000%
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Figure 2: Load Input Sheet

kW = kilowatt.

Source: José Aguado (ADB consultant, Effergy Energia).

2.3. Diesel Generators 
13. The input parameters for the diesel generator sets are defined in Table 2.

Table 2: Diesel Generators Input Data

Technical Economic

Rated Output Diesel Cost

Minimum load Capital cost

Fuel consumption curve a·P+b Replacement cost

O&M Cost

Lifetime

O&M = operation and maintenance

Source: José Aguado (ADB Consultant, Effergy Energia).
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14. These parameters are defined as follows: 

 • Rated output (kW). The nameplate power of the diesel generator.

 • Minimum load (%). The minimum allowable power output for each generator set 
when it is synchronized. This parameter is considered because prolonged periods 
of running at loads below the minimum recommended by the manufacturers will 
result in poor combustion inside the cylinder due to abnormally low temperature 
and pressure. This, in turn, will drastically reduce the lifetime of the generator.

 • Fuel consumption curve. The fuel consumption curve is modeled as a linear 
function of power output by using “a” and “b” scalars:

•	 a (liter per kilowatt-hour [l/kWh]). It represents a slope of the fuel consumption 
curve, and is the marginal fuel consumption of increasing the power output in 
1 kW during 1 hour.

•	 b (liter per hour [l/h]). This is a Y-axis intercept of the fuel consumption curve, 
or idle fuel consumption. 

Figure 3: Fuel Consumption and its Corresponding Efficiency  
Curve of a Diesel Generator
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Source: José Aguado (ADB consultant, Effergy Energia).

 • Diesel cost ($/l). Cost of 1 liter of fuel.

 • Capital cost ($/l). Initial investment cost of the diesel generator set. It should 
include the cost of the generator itself and other costs that derive from installing 
this generator for the first time (all ancillary equipment such as controllers, wires, 
etc.).

 • Replacement cost ($/l). Cost of replacing a diesel generator set once it has reached 
the end of its life span. It will usually be lower than the capital cost because probably 
not all components will need to be replaced.
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 • Operation and maintenance cost ($/h·kW). This represents average estimated 
operation and maintenance costs per operating hour and kilowatt of rated power.

 • Lifetime (hours). This is the total number of hours that a diesel generator set can 
operate.

15. Figure 4 provides an example of diesel generator inputs in the workbook.

Figure 4: Diesel Generators Input Data

 
kW = kilowatt, l/h = liters per hour, l/kWh = liters per kilowatt-hour.

Source: José Aguado (ADB consultant, Effergy Energia).
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2.4. wind Resource 
16. To compute the average output power of wind turbines, an hourly wind speed series 
for 1 year is required. The user can either introduce the 720 values or generate a synthetic 
time series based on a few inputs.

17. The input parameters for the wind resource are defined in Table 3.

Table 3: wind Resource Input Data

Monthly average wind speed

Autocorrelation coefficient

Weibull shape factor “k”

Anemometer height

Source: José Aguado (ADB consultant, Effergy Energia).

18. These parameters are defined as follows: 

 • Monthly average values (m/s). Average wind speed is in meters per second (m/s) 
for each month.

 • Autocorrelation coefficient. This is represented by a number between 0.2 and 0.8. 
This parameter is used to control the degree of randomness in the time series. The 
higher this parameter the more the value of wind speed depends on the value of the 
hour before.

 • Weibull distribution shape factor. The distribution for wind speed probability 
most used to fit wind speed histograms is the Weibull distribution, although other 
distributions provide better fittings in areas where wind speed is rather anisotropic. 
Weibull distribution probability density function is defined as follows:� better fittings in areas where wind speed is rather anisotropic. Weibull distribution probability density 

function is defined as 

 
=  

where 

 

 

 

 

 

1. For typical wind distributions, k is in the range of 2–3. Lower values of k indicate a flatter distribution, while 
increasing k makes the distribution peak around wind speeds corresponding to the mode value which is given by  

 
·  

 

 

p(u) = Probability of wind speed b “u”where

� better fittings in areas where wind speed is rather anisotropic. Weibull distribution probability density 
function is defined as 

 
=  

where 

 

 

 

 

 

1. For typical wind distributions, k is in the range of 2–3. Lower values of k indicate a flatter distribution, while 
increasing k makes the distribution peak around wind speeds corresponding to the mode value which is given by  

 
·  

 

 

p(u) = Probability of wind speed b “u”
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19. For typical wind distributions, k is in the range of 2–3. Lower values of k indicate a 
flatter distribution, while increasing k makes the distribution peak around wind speeds 
corresponding to the mode value which is given as follows: 

� better fittings in areas where wind speed is rather anisotropic. Weibull distribution probability density 
function is defined as 

 
=  

where 

 

 

 

 

 

1. For typical wind distributions, k is in the range of 2–3. Lower values of k indicate a flatter distribution, while 
increasing k makes the distribution peak around wind speeds corresponding to the mode value which is given by  

 
·  

 

 

p(u) = Probability of wind speed b “u”

20. If the range of possible wind speeds is divided in equal length intervals, the interval 
centered on the mode value has the higher probability. In other words, the mode value 
represents the most frequent value for wind speed. Thus, a wind turbine suitable for that area 
should perform well with wind speeds around that value. Weibull probability distribution for 
different values of k (left) and A (right) is presented under Figure 5.

Figure 5: weibull Probability Distribution for Different Values  
of k (left) and A (right)

Source: José Aguado (ADB consultant, Effergy Energia).

 • Anemometer height (m). Wind speed values entered by the user correspond to 
measures at a given height that might not be that of the wind turbines in the search 
space. Wind speed tends to increase with height. The logarithmic wind profile is 
used to correct wind speed measures with varying height is as follows:

 speed tends to increase with height. The logarithmic wind profile is used to correct wind speed measures 
with varying height: 
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21. Figure 6 provides an example of wind resource inputs in the workbook.

Figure 6: wind Resource Input Data

m/s = meter per second.

Source: José Aguado (ADB consultant, Effergy Energia).
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2.5. wind Turbines 
22. The following input data (Table 4) are required for each type of wind turbine in the 
search space. 

Table 4: wind Turbines Data

Technical Economic

Search space Lifetime

Power curve Capital cost

Turbine hub height Replacement cost

Surface roughness length O&M cost

O&M = operation and maintenance.

Source: José Aguado (ADB consultant, Effergy Energia).

 • Search space. This represents the number of wind turbine units to consider during 
the simulation process.

 • Power curve of a wind turbine. This represents the final (after the necessary 
conversions) electrical power output as a function of wind speed. The user can 
introduce a table of power output (kW) versus wind speed (m/s) or select one of 
the already built-in turbine models. In Figure 7, it can be observed at typical wind 
turbine power curve versus wind speed.

Figure 7: wind Turbine Power Curve 
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kW = kilowatt, m/s = meter per second.

Source: José Aguado (ADB consultant, Effergy Energia).
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 • Turbine hub height (m). Height of the hub of the wind turbine above ground level.

 • Surface roughness length (m). Surface roughness is the parameter used in the 
logarithmic wind profile to model the average height of ground-level obstacles. The 
higher this value, the more obstacles slow down wind at near-ground levels. This 
value depends on the kind of surface. A table with typical values taken from [4] is 
shown in the spreadsheet as it can be seen in Figure 8.

 • Lifetime [years]. For wind turbines, life span is considered independent of the 
operation.

 • Capital cost ($/unit). This represents cost of installing one wind turbine for the first 
time. It includes the cost of the turbine itself plus all other ancillary equipment.

 • Replacement cost ($/unit). This represents cost of replacing the necessary 
elements of the turbine at the end of its life span.

 • Operation and maintenance costs ($/unit year). This represents estimated average 
operation and maintenance costs per year and turbine.

23. Figure 8 provides an example of wind turbine inputs in the workbook.

Figure 8: wind Turbines Input Data

kW = kilowatt, m/s = meter per second, O&M = operation and maintenance. 

Source: José Aguado (ADB consultant, Effergy Energia).
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2.6. Solar Resource
24. To calculate power output of the different photovoltaic installations, 1 year of hourly 
values of incident horizontal radiation is required. The user can either introduce the 720 
(24 hours by 30 days) values or generate a synthetic time series. To generate a synthetic time 
series for solar resource, extraterrestrial solar radiation is computed. Extraterrestrial radiation 
(solar radiation at the top of the atmosphere) is only a function of the location’s coordinates 
and time of the year. A percentage of this radiation is filtered in the atmosphere, mostly by 
clouds. The fraction of extraterrestrial radiation that makes it to the ground is commonly 
referred to as “clearness index.” From measured monthly average horizontal radiation values 
(which can be easily found in databases for most locations) and extraterrestrial radiation, 
an hourly correlated time series for clearness index can be generated to simulate cloudiness 
effect. This is done using a probability transformation method developed by Graham and 
Hollands [1]. The product of extraterrestrial radiation and clearness index for each hour of 
the year is the incident horizontal solar radiation, which is used to calculate power generated 
by photovoltaic installations.

25. The following input data (Table 5) are required for solar resource determination. 

Table 5: Solar Resource Input Data

Latitude

Longitude

UTC time zone

Monthly average daily horizontal radiation

UTC = coordinated universal time.

Source: José Aguado (ADB consultant, Effergy Energia).

26. These parameters are defined as follows: 

 • Latitude (degree). Angular distance from the equator of the location. North Pole is 
+90 degrees and South Pole is -90 degrees.

 • Longitude (degree). Longitude is the angular distance from the Prime Meridian, 
ranging from +180 degree eastward and -180 degree westward.

 • UTC time zone. It is the coordinated universal time used to translate solar time into 
clock time.

 • Monthly average daily solar radiation (kWh/day). This is the average daily radiation 
for each month.

27. Figure 9 provides an example of solar resource inputs in the workbook.
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Figure 9: Solar Resource Input Data

km = kilometer, kW = kilowatt, UTC = coordinated universal time, W/m2 = watt per square meter

Source: José Aguado (ADB consultant, Effergy Energia).

28. Figure 10 provides an example of average solar radiation and clearness index for a 
particular location. 

Figure 10: Average Solar Radiation and Clearness Index
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Source: José Aguado (ADB consultant, Effergy Energia).
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2.7. Photovoltaic Arrays
29. Different solar photovoltaic installations can be introduced in the search space with 
different costs, efficiency, and orientations. The following input data (Table 6) are required 
for determination of photovoltaic installations.

Table 6: Photovoltaic Installations Input Data

Technical Economic

Search space (units) Lifetime

Rated capacity per unit Capital cost

Efficiency Replacement cost

Tilt angle O&M cost

Azimuth angle

Ground reflectance

O&M = operation and maintenance.

Source: José Aguado (ADB consultant, Effergy Energia).

30. These parameters are defined as follows: 

 • Rated capacity per unit (kWp). This is the nominal power of each photovoltaic unit 
in peak kWs, ideally the maximum power output when the radiation striking the 
panel is 1 kW/m2 and temperature of the panel is 25ºC.

 • Efficiency (%). This coefficient accounts for the losses in direct current (DC)/
alternating current (AC) conversion, wires, and temperature and dust effects. The 
power output of a photovoltaic installation during each time step is computed as 
follows:

 photovoltaic installation during each time step is computed as follows: 

o ���[��] � ������ � ������������ � ���������[���] � ��������������������[
��
��]

��[����]
 

 
 • Tilt angle (degree). This reflects horizontal inclination of the panels.

 • Azimuth angle (degree). This reflects the direction toward which the panels face: 
0 degree is south, 90 degrees is west, 180 degrees is north, and -90 degrees is east.

31. These definitions are further clarified in Figure 11. 
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 Figure 11: Photovoltaic Panels Angles

Source: [2] William Surles Solar Angles and Tracking Systems. Online available  
at https://www.teachengineering.org/lessons/view/cub_pveff_lesson01

 • Ground reflectance (%). Also called albedo, it is the percentage of solar incident 
radiation of the ground that is reflected. It is used to calculate a part (not very 
significant) of the incident radiation on tilted panels.

 • Lifetime (years). Life span of a photovoltaic installation is considered independent 
of the operation. Photovoltaic panels usually have a guaranteed life span of over 25 
years, but other components of the installation, such as the inverters, might have a 
shorter life span.

 • Capital cost ($/kilowatt peak [kWp]). Cost of installing 1 kWp of photovoltaic 
panels for the first time. It should include the cost of the photovoltaic panel itself 
plus all the other ancillary equipment.

 • Replacement cost ($/kWp). This is cost of replacing all the necessary elements of 
the photovoltaic panel at the end of its lifetime.

 • Operation and maintenance costs ($/kWp year). This reflects estimated average 
operation and maintenance costs per year and kilowatt peak of a photovoltaic panel.

32. Figure 12 provides an example of photovoltaic panel inputs in the workbook.
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Figure 12: Photovoltaic Panels Input Data

deg = degree, kWp = kilowatt peak, O&M = operation and maintenance, PV = photovoltaic.

Source: José Aguado (ADB consultant, Effergy Energia).

2.8. Electric Battery Storage System
33. The electric battery storage is modeled using a simplified version of the kinetic battery 
model developed by Manwell and McGowan [3][4]. This model accounts for rate effect 
in effective capacity and recovery effect, which have an important impact on some types 
of batteries (mainly on lead acid-based technology batteries). In this model, the battery’s 
charge is distributed over two wells: the available-charge well and the bounded-charge well. 

34. The available-charge well provides current directly to the load where i(t) is the current 
as a function of time t and i(t) > 0 means discharge, whereas the bound-charge well provides 
current only to the available-charge well. The rate at which charge flows between the wells 
depends on the height difference between the two wells and on a parameter k. A fraction 
“c” of the total capacity is put in the available-charge well, and the remaining “(1 – c)” in the 
bounded-charge well.
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35. The height (capacities) of the two wells are given by h1 = q1 c and h2 = q2 (1 - c) where 
h1 and h2 are the height for wells 1 and 2, respectively, and q1 and q2 the charges for wells 1 and 
2, respectively. The change of the charge in both wells is given by the following system of 
differential equations: 1. differential equations:  

 ���
�� = −�(�) � �(ℎ� − ℎ�) 
���
�� = −�(ℎ� − ℎ�) 

 

Figure[MTA1]13. Kinetic Battery Model 
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, (hour).

 • qmax the maximum capacity (at infinitesimal current) (ampere-hour).

 • k is the rate constant (h-1).

 • c is the ratio of available charge capacity to total capacity.
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37. The available and bounded capacity and state of charge of the battery bank are 
computed as follows:

1. computed as follows: 
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38. The following input data (Table 7) are required for electric battery storage system 
determination. 
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Table 7: Electric Battery Storage System Input Data

Technical Economic

Search space Capital cost

Capacity per battery Replacement cost

Capacity ratio Operation and maintenance cost

Rate constant Battery wear cost

Discharging efficiency

Charging efficiency

Lifetime throughput

Minimum SOC

Initial SOC

Capacity per battery

Inverter capital cost

Inverter replacement cost

SOC = state of charge.

Source: José Aguado (ADB consultant, Effergy Energia).

39. These parameters are defined as follows: 

 • Search space represents the number of electric battery storage systems to be 
considered in the simulations.

 • Capacity ratio c is a parameter of the kinetic battery model.

 • Rate constant k [1/h] is a parameter of the kinetic battery model.

 • Lifetime throughput (kWh) is the total amount of energy that can be cycled 
through the battery before it needs replacement. If lifetime throughput is reached 
before calendar lifetime, a replacement takes place in that year.

 • Calendar lifetime (years) is maximum lifetime of the battery due to aging regardless 
of the operation.

 • Initial state of charge (%) is the initial state of charge at beginning of the year.

 • Charging efficiency (%) accounts for battery losses and rectifier efficiency in the 
charging process. 

 • Discharging efficiency accounts for battery losses and inverter efficiency in the 
charging process.
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 • Capital cost ($/unit) is cost of installing one battery for the first time. It should 
include the cost of the batteries plus all the other ancillary equipment such as 
control devices and monitoring systems.

 • Replacement cost ($/unit) is cost of replacing the batteries; it might be lower than 
capital costs if some elements, such as monitoring systems, containers, and other 
elements,, do not need to be replaced, and because of the expected decrease in  
prices.

 • Operation and maintenance cost ($/unit·year) is maintenance cost that is 
considered to be a fixed cost per unit and year.

40. Figure 14 provides an example of electric battery storage system inputs in the 
workbook.

Figure 14: Battery Bank Input Data

h = hour, kWh = kilowatt-hour, SOC = state of charge.

Source: José Aguado (ADB consultant, Effergy Energia).
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41. Similarly, for the power converter, the following parameters are defined as follows: 

 • Capacity (kW). This is the rated power of the power converter. 

 • Capital cost ($/unit). This represents the cost of installing one power converter for 
the first time. It should include the cost of the converter plus all the other ancillary 
equipment such as control devices and monitoring systems.

 • Replacement cost ($/unit). This is the cost of replacing the power converter; it 
might be lower than capital costs if some elements, such as monitoring systems, 
containers, and other elements, do not need to be replaced, and because of the 
expected decrease in prices.

 • Operation and maintenance cost ($/unit·year). This represents the maintenance 
cost that is considered to be a fixed cost per unit and year.

42. Figure 15 provides an example of power converter system inputs in the workbook.

Figure15: Converter Input Data

kW = kilowatt, O&M = operation and maintenance.

Source: José Aguado (ADB consultant, Effergy Energia).
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3. wORKBOOK RESuLTS 

3.1. Operation
43. Operation is simulated for each possible combination of elements in the search space. 
Some filters are applied in order to save time by not simulating operation for combinations 
that will not be able to fulfill all constraints. 

44. Outputs of photovoltaic and wind generators are calculated using incident solar 
radiation and wind speed. Controllable elements (diesel generators and batteries) dispatch 
is calculated to optimize costs while fulfilling technical constraints. 

45. Annual cash flows are calculated based on four different costs for each component:

 • Capital cost. This is the cost of installing the component for the first time; capital 
costs are computed in the year 0 of the project.

 • Replacement cost. This is cost of replacing a component at the end of its lifetime. 
When a component reaches its life span, its replacement cost is included in that 
year’s cash flow.

 • Operation and maintenance costs. Annual operation and maintenance costs are 
included in all annual cash flows.

 • Fuel cost. This is annual cost of fuel consumed by diesel generators.

 • Salvage value. The residual value of components at the end of the project life is 
calculated based on remaining life and replacement cost.

3.2. Running the Macro 
46. Once the user has introduced a search space of different components for the hybrid 
system, clicking on “Generate Combination” (see Figure 16), creates a list with all feasible 
configurations of the system. Clicking on the “Evaluate” button simulates operation and 
creates a list of the most relevant results: 

 • Net present cost ($). This is the sum of all cash flows discounted to present value 
of money using the real interest rate.

 • Levelized cost of energy ($/kWh). This is the average cost of energy during the 
whole life of the project.

 • Initial investment cost ($)
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 • Operating costs ($/year)

 • Renewable energy penetration percentage (%)

 • Fuel consumption (l/year)

47. The user can then sort the different configurations of the hybrid system by any of 
these values using Microsoft Excel filters.

Figure 16: Running the Macro

Evaluate

Results

Generate Combination

Source: José Aguado (ADB consultant, Effergy Energia).

48. To see detailed results for each configuration, such as a breakdown of costs by 
component and concept, generation statistics, or detailed operation of the system, the user 
simply selects the configuration and clicks on the “Results” button (see Figure 16).

49. An example of a typical cost summary result is given in Table 8. 

Table 8: Cost Summary

DG = diesel generator, LCOE = levelized cost of energy, O&M = operation and maintenance,  
PV = photovoltaic, WT = wind turbine.

Source: José Aguado (ADB consultant, Effergy Energia).
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4. ANNEX: DETAILED CALCuLATIONS 

1. In this Annex, the operations performed to obtain the results are explained in detail.

4.1. wind Speed Values
2. Wind speed values are obtained from a Weibull probability distribution using random 
numbers. The hourly values are computed as follows:1. Wind speed values are obtained from a Weibull pr obability distribution using random numbers. The 

hourly values are computed as 

− ln|   
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mw is monthly average wind speed introduced by the user. 
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4.2. Solar Radiation Values
5. To obtain the solar radiation striking a tilted surface in each time step, the following 
operations are made:

(i) Calculate the declination for each time step:
1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
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∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����
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where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 
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(v) Angle of incidence: 
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(vi) Zenith angle ��  (°): 
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(vii) Extraterrestrial normal radiation,	��� (kW/m2): 
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Where Gsc is equal 1.367 kW/m2. 
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� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

(iii) Solar time (ts): 

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

where

tc is the civil time in hours. 

Zc is the time zone GMT in hours.

E is the equation of time.

(iv) Hour angle (degree [°]):

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 
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(v) Angle of incidence:

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

(vi) Zenith angle  (°):

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

(vii) Extraterrestrial normal radiation,

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

:

1. following operations are made: 
 

(i) Calculate the declination for each time step: 

� � �3.�5° ∗ ��� �36�° ��� � �
365 � 

where n is the day of the year.  
 

(ii) Time equation: 
� � 3.�5 ∗ ��.�����5 � �.��1�6� ∗ ���� � �.�3���� ∗ ���� � �.���615 ∗ ����� � �.�����

∗ ������		
� � 36�° � � 1

365  

 
(iii) Solar time (ts):  

�� � �� � ���������
15°
����

� �� � �	

where 

tc is the civil time in hours.  

Zc is the time zone GMT in hours. 

E is the equation of time. 

(iv) Hour angle (degree [°]): 

� � ��� � 1��� ∗ 15°
����	 

 
(v) Angle of incidence: 

���� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� � ���� ∗ ����
∗ ���� ∗ ���� ∗ ���� � ���� ∗ ���� ∗ ���� ∗ ���� 

 
where 

�	��	�����	��	���������	�°�. �	�������	��	���	�������	�°�.	
�	�������������	�°�.	
�	��	�������	�������	�°�.	
�	��	��������	�°�.	
�	��	����	�����	�°�.	

 
(vi) Zenith angle ��  (°): 

����� � ���� ∗ ���� ∗ ���� � ���� ∗ ���� 
 

(vii) Extraterrestrial normal radiation,	��� (kW/m2): 

��� � ��� �1 � �.�33 ��� �36��365 �� 

 
Where Gsc is equal 1.367 kW/m2. 
 

(viii) Extraterrestrial horizontal ��: 

Where Gsc is equal 1.367 kW/m2.

(viii) Extraterrestrial horizontal �� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

:

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

(ix) Extraterrestrial horizontal radiation averaged over the time step�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

:

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

(x) For a fixed clearness index, it is possible to obtain the global horizontal radiation 

on the earth’s surface averaged over the time step 

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

:

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
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(xi) Solar radiation is divided to calculate the diffuse radiation:

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
 

(xv) Output Power:  
 

(xii) The beam radiation is the rest of the horizontal radiation:

�� = ��� � ����� 
 

(ix) Extraterrestrial horizontal radiation averaged over the time step ��: 
 

����� =
12
� ����� � ���� � ������ � ������ +

���� � ���
180° ���� � ����� 

 
(x)  For a fixed clearness index, it is possible to obtain the global horizontal radiation on the earth’s surface 

averaged over the time step �̅: 
 

�̅ = �� � ����� 
 

(xi) Solar radiation is divided to calculate the diffuse radiation: 
 

������
�̅ = �

1 � 0.0���								���	�� ≤ 0.22
0.��11 � 0.1�0��� + �.�88��� � 1�.��8��� + 112.������				���	0.22 � �� ≤ 0.8

0.1��					���	�� > 0.8
� 

 
(xii) The beam radiation is the rest of the horizontal radiation: 

 
�̅ = ����� + ������ 

 
(xiii) The three parameters that are necessary to obtain the horizontal radiation on a tilted surface are as 

follows: 
 

�� =
����
�����	

�� =
�����
�����
	

� = �������̅  

 
(xiv) The total radiation on the tilted surface is computed as follows	����� 

 

����� = ������ + ����������� + �������1 � ��� �
1 � ����

2 � �1 + � � ���� �2	� + �̅�� �
1 � ����

2 � 

 
where 
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ρg is ground reflectance or albedo in per unit. 
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where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
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where 
β is the inclination of the surface panel.  
ρg is ground reflectance or albedo in per unit. 
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4.3. Simulation of the Operation
6. Operation of the system is simulated based on the following rules:

(i) Photovoltaic and wind generators produce as much power as possible for the 
solar radiation and/or wind speed in each time step.

(ii) If there is an excess of energy, as much as possible of this excess of energy is 
charged in the battery bank.

(iii) All four combinations of diesel generator on and off states (2 diesel generators 
by 2 possible states) are calculated for each time step. For each of these time steps, 
the order of priority to supply the necessary energy (demand–renewable generation) 
among dispatchable units (each diesel generator and the battery bank) is established 
based on the marginal cost per kWh of each unit. This means the unit with the lowest 
marginal cost supplies the necessary energy to cover demand. If this unit does not 
have the capacity to supply it all, then the unit generates its maximum power and the 
rest of diesel generators and the battery bank do the same until all demand is covered. 
In this way, the cost of supplying demand is minimized for each possible state of the 
system. The marginal cost per kWh for diesel generators is equal to its marginal fuel 
consumption per kW (slope of the fuel consumption curve) times the price of fuel as 
follows:

 

 

 
1. The marginal cost per discharged kWh of the battery bank is its “battery wear cost”, which can have any 
value introduced by the user. A logical value for this parameter can be calculated based on its lifetime throughput 
and its replacement cost as follows: 
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Figure A.1: Dispatch Flowchart of the Diesel Generator with the Lowest 
Marginal Generation Cost
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Source: José Aguado (ADB consultant, Effergy Energia).

Figure A.2: Dispatch Flowchart of the Diesel Generator with the Highest 
Marginal Generation Cost
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Source: José Aguado (ADB consultant, Effergy Energia). 

 

 

 

Figure A.3. Dispatch Flowchart for Battery Charge 
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Source: José Aguado (ADB consultant, Effergy Energia).
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Figure A.4: Flowchart for Battery Discharge Dispatch
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Source: José Aguado (ADB consultant, Effergy Energia).

9. Out of the four possible diesel generator set state combinations, the one with the 
lowest cost that fulfills all constraints is chosen.

This cost is computed as follows:
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 • Spinning Reserve:
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where  

 NPC is net present cost ($) representing a sum of all annual cash flows discounted to present value of 
money using the real interest rate. 
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