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1T INSTALLATION AND LICENSING

HERA installer is available at PSR webpage (https://www.psr-inc.com). Unzip the downloaded
folder and make sure to unblock the executable file (.exe) by right clicking it and checking
Unblock in the General tab.

I?E?; Hera-1.3.0-dev17-test-resop3-windows-x64.exe Proper... X

General Compatibility Security Details Previous Versions

=Y

| Hera-1.3.0-dev17-test-resop3-windows-x64.exe

Type of file Application (.exe)

Description:  Hera Setup

Location: C\Users\taina\Downloads
Size: 358 MB (376,073,482 bytes)

Size ondisk: 358 MB (376,057,856 bytes)

Created: Monday, May 18, 2020, 4.06:30 PM
Modified: Monday, May 18, 2020, 4:13:50 PM

Accessed: Today, May 18, 2020, 43 minutes ago

Altributes: [Read-only [ |Hidden Advanced. .

Security: This file came from another
v
computer and might be blocked to Unblack
help protect this computer.

Right-click on the executable and Run as administrator. Installation begins with language setup.
Select Setup Language X

Select the language to use during the installation:

English ~

Follow the instructions on the installation windows. HERA must have access to write files in the
Example folder. If installed in a protected folder (ex: Program Files), please move the Example
folder to another location with write permissions to guarantee the functioning of the test case.

When the installation is completed, the final window will have a checkbox to launch HERA.
After launching it, it will be possible to open the example case that is available at PSR webpage
and access the geoprocessing module.

HERA is free of use for nonprofit institutions under a special license. For private institutions,
only the geoprocessing module is free of charge. To request a license, go to the HERA
installation directory and run the PSRHostld.exe as an administrator. Then send the
psrhardlockid.log file to hera@psr-inc.com and wait for our reply with a hera.lic file that will

need to replace the existing file in the installation directory. After completing these steps,
Engineering, Budgeting, and Optimizing modules become available.


https://www.psr-inc.com/
mailto:hera@psr-inc.com

2 BASICINFORMATION

2.1 Home screen

HERA is a computational model for participatory planning studies concerning the development
of hydroelectric projects. As soon as the application starts, the main screen displays the
following menu of options.

File View Project Study Environment Engineering Partition Analysis Optimization Language Help

FEB Qb B A=D1 L@ SR #%X |

The first three left icons are used, respectively, to create —— _ _
. L. . File View Project Study Environment E
a new project, open an existing project, or close the

|57 New Project Ctrl+N
|%! Open Project Ctrl+O

current project. To create a project or select an existing
one, browse the study data directory. These options
are also available at the menu bar, inside the File tab, & Close Project

The first option (New Project) requires the input of a

Digital Elevation Model (DEM) or a Digital Terrain Model (DTM). This file must be in the
TIFF or Tagged Image File Format (TIF) format, that are widely used in digital raster images in
geographic applications (GeoTIFF).

Some examples of DEMs that can be obtained free of charge are SRTM!, ALOS World 3D? and
ASTER GDEM?. The Hydrosheds* is also an important source of free global data, and the
hydrologically conditioned digital elevation model can also be used>.

It is also possible to use more detailed elevation data in the HERA, from field surveys (aerial
photogrammetry with cartographic restitution or radar survey, for example), or commercially
available DTMs, which are usually more accurate than the public databases. Thus, the spatial
resolution and the altimetric accuracy of the product used must be consistent with the objectives
of the study that will be developed in the HERA. A preliminary hydropower assessment study,
for instance, may use free database with low altimetric accuracy. The feasibility study of a
specific project, in turn, will require a vertically precise DTM. It is important to emphasize this
aspect: confidence level of the HERA’s result (outputs) is conditioned to confidence level of
input data, including the DTM.

In this manual, the term DEM is used to refer to the elevation data file in general. HERA requires
a single projected DEM file in fif format, with elevation data in meters. If several raster images
exist, create a mosaic, clip to the desired study area, and apply a Projected Coordinate System
with the GIS software / library of your preference. QGIS (https://qgis.org/en/site/) or R

! http://srtm.csi.cgiar.org/

2 https://www.eorc.jaxa.jp/ ALOS/en/aw3d30/index.htm
3 https://asterweb.jpl.nasa.gov/gdem.asp

4 https://hydrosheds.cr.usgs.gov/

> https://hydrosheds.cr.usgs.gov/datasets.php


https://qgis.org/en/site/

(https://www.rspatial.org/) are publicly available options to perform mentioned steps. A

procedure to fill sinks in the surface raster is also recommended to remove imperfections in the

data before importing it into HERA.

To start a new case, select the terrain file and an empty folder where the files that comprise a
HERA case will be stored. It is important to note that HERA does not accept special characters
when reading folder and file names.

© Mew Case 7 W

Terrain file |C:ﬂ-|ERAﬂ'errain.ﬁf | Browse

Case folder |C:‘|,I-|ERA‘|,|:asoDDl || Browse
OK Cancel

HERA will then display the DEM with a color scale denoting elevation, as shown next.

File View Project Study Partition Analysis Optimization Language Help

N eN ® @ Prred Bridpre@s G OR L %X# 8

=% 1 =
@ O sites
@ © Diversion restitution
© - Dams
@ - Diverted stream
@ == Drainage network
@ — Hydrographic network
- @ Reservoirs
@ [l Flooded area
© [l Buffer
@ Elevation map (m)
215
o2
M 1569
2216
M 3079
W77
W 459

Modifications made in HERA cases are saved automatically. To open an existing case, select the

Open Project option.

The following table shows other useful options available in the main menu.

Button Description
I pan — moves the map, for example, by manually centering the area of interest on
A the screen.
@, zoom in — zooms in on the marked area on the screen.
&L | zoom out — move the marked area away from the screen.



https://www.rspatial.org/

2.2 Base maps

The base map can be switched to a satellite imagery (Google Satellite) or Google Maps from the
View option of the main menu), as shown below.

© Hera
File | View Project Study PSR

|ﬁ;_ Change Base Layer L » Base Layer

For the selection of the Google Satellite option, for example, the map displayed is as follows:

© Select Base L... ? x

Google Maps
Google Satellite

File View Project Study Environment Engineering Partition Analysis Optimization Language Help

S Prx K2R %L @FAEH R L XF|®

© 'V inflow points
@ O sites
@ © Diversion restitution
W Dams
@ Diverted stream
3 == Drainage network
2 — Hydrographic network
= @ Reservoirs
@ M Flooded area
© [l Buffer
@ Google Satellite

2.3 Cartographic properties

The terrain properties are displayed in the main menu under Project>Project Properties. When
there are accurate surveys or specific consolidated bases to the region of interest, the results of
the studies will naturally be more assertive. When there are uncertainties in topographic data,
as usual in public databases, the results of HERA studies should be interpreted as indicative
rather than literal.

The screen shows the projection used, the size of the file with the terrain, the size of the cells
according to the DEM definition. In the example below, SRTM was used — a free database of
NASA topographic information with an accuracy of approximately 30 meters. On the same

screen, the minimum and maximum elevations are also displayed.



File View| Project Study Environment

S oo

Process Terrain

Geology ’

Delete inflow points

2.4 Terrain processing

|57 Case properties X

Projection WGS 84 [ UTM zone 18N

|
Terrain grid size (columns x lines) | 4442 % 5133
Cell size (width(m) x height(m)) | 30.80 x 30.80
Minimum elevation (m) f 275
Maximum elevation (m) | 4590
Minimum stream drainage area (km2) | None

Ok Cancel

The next step is to process the terrain to extract the local hydrographic network with

geoprocessing functions. This option is available under Project> Process Terrain.

File View | Project Study Environment

” [EY E Project Properties
8 Process Terrain

Geology

Delete inflow points

[ Processing... hd

Minimum drainage area for stream (km2) |50|
Ok | Cancel |

A minimum drainage area is informed for the definition of the hydrographic network. This

value depends on the scale and size of study area (e.g., small, medium, or large hydrographic
basin). After generating the network, always check the result with the Satellite base layer and
with hydrographic maps of the region. If some rivers / creeks of interest were not shown, repeat
the process with a smaller value for the drainage area. On the other hand, if the network came
out too detailed, consider using a larger value.

The definition of the hydrographic network requires high computational effort, and the

execution time depends on the size of the basin (surface area). It can take some minutes for very
large basins. As a reference, the next example used 50 km?.




2.5 Hydrographic network selection

% Next, select the rivers of interest in the hydrographic network using the Define study
drainage network button.

After pressing this button, select the rivers of interest with the left mouse button. Be aware that
the selected segments must be connected. To select several segments at once, right click at the
most downstream segment and left click on Connect all upstream segments.

Connect segment

Connect all upstream segments

Disconnect segment

Build study drainage network

When all segments are selected, right click in any one of them, and choose Build study drainage
network.

| Connect segment

Connect all upstream segments
Disconnect segment

After a few seconds, the selected active network will be marked in red on the map.



2.6 Gauging station data and hydrological information

To input discharge data in HERA, use the Define inflow points button. Inflow points

can be gauging stations, or potential dam sites where a time series of discharges have

already been prepared with observed records from other sites. Click on the Define
inflow points button and click at its location in the map. To remove an inflow point, right click
on it and Delete.

To edit the discharge information, use the Define inflow points button, right click on the inflow
point in the map and on Properties. Click on the Add line button to fill the start and final years
of the record.

Monthly flows can be copied from an excel file and pasted on the table. On the left side of the
table, paste the daily maximum flows of each year. HERA requires at least one complete year of
monthly flows, and two values of maximum flows. Gaps are accepted, but the use of the longest
treated historical record available is recommended.

The name of the inflow point can be entered in the upper field of the dialog box, as shown.

Name [GATTANIA [22027020]

Add lines

Remove lines

Daily max (m3/s) Jan | Feb ‘ Mar | Apr | May | jun | sl | Aug | sep ‘ oct | Nov | Dec ‘

LI X

Start year [1961
Final year [2015]

Ok Cancel

A shapefile with all inflow points can be imported at one time. Click File, Import inflow points,
and select the shapefile in the Input, shapefiles folder. Remember that to import any shapefile,
it must have the same projection as the elevation model, in this case, UTM zone 21 S.

File View Project Study Environment En
L New Project Ctrl+N
s Open Project Ctrl+0

gl Close Project
© Select inflow points shapefile ? X

Import sites

Import inflow points Shapefile | Browse
Import historical flow series

Cancel

Export historical flow series
Create User Layer Ctrl+L

Export user layer metrics
Import user layer metrics

@ Export KML
B Export data files

& Exit



To import series of discharges for several inflow points at once, import a csv file. With the inflow
points (blue triangles) already located in the map, click File, Export historical flow series and
browse to the selected folder to save the csv file. This csv file will have the flow points in the
header row. Fill this file with the discharge series in the columns and the monthly values in the
rows. The first column must contain the year and month with format YYYY/MM.

The file with the daily maximum flows contain the years in the first column, and the inflow
points in the other columns. The discharge files of the case used for demonstration are available
in the example folder®.

After filling both files, click File, Import historical flow series, and browse to the folder where
the files were saved.

File  View Project Study Environment Er
4| New Project Ctrl+N
% Open Project Ctrl+0
v Close Project

Import sites © Import flow historical series X
Import inflow points
Import historical flow series Monthly average flows || | TrrEn
Export historical flow series »

Create User Layer Ctrl+L Maximum yearly flows | | Browse

Export user layer metrics Cancel

Import user layer metrics

&8 Export KML
r‘ Export data files

& Exit

To delete all inflow points from a case, click on the main menu bar in Project> Delete inflow
points, as shown on the following left image. To delete an individual point, right click on the
blue triangle and select Delete (as indicated in the image on the following right).

© Hera

File Wiew | Project Study Engineering

I"_I bd Project Properties

Process Terrain

v : :
o Delete inflow points

___E| Once the inflow points and their discharge series have been defined, key hydrological

k.
"

Properties
Delete

characterization can be produced for any location in the hydrographic network by
clicking at the indicated icon in this location.

6 For the example case, the location of the stations and the river discharge records were download from
http://sirh.ideam.gov.co/Sirh/faces/observatorioSuperficiales.jspx
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http://sirh.ideam.gov.co/Sirh/faces/observatorioSuperficiales.jspx

B | Hydrologic Information X

Basic information
Monthly average inflows

Site ID Hoae 250

[

Site name. [

Coordinates. [ (453517.01, 390700.55) 200

Elevation (m) [ 476.00
[
[
[

Drainage area (km2) 4488.12
Average river width {m) 4425
River slope
Average Inflow (m3/s) [ 185.51

Inflow (m3is)

0.0001

50-year recurrence inflow (m3fs) | 114003 s0
100-year recurrence nflow (m3/s) [ 1230.35
10D00-year recurrence inflow (m3/s) [ 182582 o

B Feb Mar Apr May Jun Jul Aug Sep Oct Mow Dec

River profile Rating curve

DEM]profile
50 490

85 45

490

Elevation {m)
Elevation {m)

a0 a0

-100 =75 -30 2 0 i 250 %0 730 1000 1250 1500 1730

-25 o
River axis distance (m) Inflow (m3/s)

[ o

The image shows various information about the selected location. The upper left fields indicate:
(a) the point coordinates; (b) the approximate elevation of the margins; (¢) the drainage area of
this site; (d) the water level of the mean flow at the selected site; (e) the average slope of the river
in the studied section; (f) and other statistics, such as the average flow and the maximums for
some recurrence times.

To estimate the water depth, HERA considers the Manning equation of free flow, with a
coefficient of 0.030. It also assumes that river channel has a trapezoidal shape from the margins.
For this calculation, the elevation data of the cell intersected by the vector representing the river
is extracted from the DEM and considered the mean water level. The correspondent discharge
for this water level is thus taken as the mean flow at this location. To calculate slope, a 1 km
river section is considered, 500m downstream and 500m upstream.

In the upper right corner, the bar graph shows the historical mean monthly flows at the selected
location. In the lower left corner, the river cross-section extracted from the DEM is displayed.
Finally, the lower right corner shows the estimated rating curve for the site, which relates water
level with river discharge. This curve is used to provide water level data for the design of
hydraulic structures.

HERA has a feature that allows determining the catchment area of any selected location.
@ It also possible to export its shapefile.

© Drainage area ? X

Coordinates | (805985.13, 853725.92)

Area (km2)
Export watershed polygon as shapefie

=
-

11



2.7 Metrics of impacts and socio-environmental costs

It is possible to import relevant information for the evaluation of the impacts of different
hydropower development alternatives in hydrographic basins. These impacts can occur on
infrastructure (e.g., roads, railways), on the environment (e.g., vegetation type flooded by
reservoirs, impacts on species) or on social issues (e.g., displaced families). The starting point is
to import the shapefiles for HERA analysis, which is obtained with the File> Create User Layer.

o Hera

File View Project Study Engineerit
Mew Project Ctrl+N

.. Open Project Ctrl+0
- ] £ User Layer ? bt
bg Close Project

Import sites Shapefile | Browse
Impert inflow points

Create copy inside project folder
Create User Layer Ctrl+L
Encoding UTF-8 -

Export user layer metrics
Layer name |

Import user layer metrics
- Cancel
&  Export KML

Export data files

& Edt

From this menu, locate the desired shapefile on the computer, check if it must be copied to the
case folder, select the type of Encoding (usually UTF-8) and name the layer for its identification
in the map. In the figure below, the shapefile population.shp” from the example folder is used.

By right-clicking the title of the selected layer in the left menu, functions may be used to change
the layer symbology, edit the presentation style (for example by applying transparency to the
layer for better visual communication), among other possibilities.

To present the Population layer one can choose a graduated classification. In the field column
select which attribute will be used in the layer classification, such as the total number of
inhabitants (Tot_inhab) or population density (Person_km2).

7 Sources: shapefile 73_MGN_Seccion_urbana available at: https://geoportal.dane.gov.co/servicios/descarga-y-

metadatos/descarga-mgn-marco-geoestadistico-nacional/

Global 1-km Downscaled Population Base Year and Projection Grids Based on the SSPs, v1.01:
http://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-
2100-rev01/data-download

12


https://geoportal.dane.gov.co/servicios/descarga-y-metadatos/descarga-mgn-marco-geoestadistico-nacional/
https://geoportal.dane.gov.co/servicios/descarga-y-metadatos/descarga-mgn-marco-geoestadistico-nacional/
http://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-2100-rev01/data-download
http://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-2100-rev01/data-download

File View Project Study Environment Engineering Pa % Fer roox

L B E | @ =) = Graduated =
B & L & 5 Q %
Column 123 Tot_inhab | £
#- U Substructures areas S Ml chenge..
#- 1 Substructures axes Legend format (%1 - %2| Predsion 0 <] [] Trim
Method Col v
[ Dams o o
. Color ramp -
0 Diverted stream
. Classes Histogram
v == Drainage network
& — Hydrographic network Symbol Values Legend
O . M1 oo0-51.80 0-52
Reservoirs =] 5180-10360 53-104
& [ Flooded area B 10360- 15540 105-155
M 15540-207.20 156 - 207
= . Buffer

M 207.20- 25900 208 - 259

Mode [Equal Tnterval v Classes |5

O Geology =
O — Transmission line Properties
U [l Protected areas  Export shapefile
=L Environmental Sensi
v . High » Layer Rendering

@[] Medium [Cox ] concn

» [ | symmetric Classification

Classify & = Delete All Advanced ~

Link class boundaries
Remove

To create a metric, click the corresponding layer with the right mouse button, and then
Properties. A description for the shapefile can be included with this option. The list of metrics
will be presented right below this description. Click on the green plus sign to create a metric, on
the pencil icon to edit it, and on the red minus sign to delete it.

B Layer Properties X
Layer name |Population
Encoding [UTF-8 [=]]

Layer containing the total number of
inhabitants (Tot_inhab) and the

Description population density (Person_km2) |

Reservoir metrics

Ok Cancel ‘

A title for the metric and its unit must be informed. If Consider reservoir buffer option is checked,
the intersections between the shapefiles of layers and the reservoir’s buffers will be accounted in
the metrics. Go to Section 3.4 to see where to set the width of this buffer.

When creating the metric, the attribute of the shapefile that will be used in the calculation needs
to be selected. The Unit conversion factor field is used to convert units of measure. The HERA
length and area units are calculated by default in kilometers and square kilometers. If, for
instance, area metrics are to be shown in hectares, the weight should be edited to 100.

[8] Reservoir Metric X

Name |Pnpu|alinn affected

Unit |Number of people

Consider reservoir buffer [

Attribute [Tot inhab =]

Calculation method |Value attribute (weiaht in attribute units) =]
Value | Unit conversion factor

1 |SINGLE WEIGHT 10

Break categories in individual metrics [

13



There are three types of calculation methods: Values, Categories and Density.
e Values: the shapefile attribute has total values for each polygon.

Shapefile population.shp, available in the example folder, is used for this demonstration.
Suppose there is a reservoir, that impacts four polygons (municipalities) and the selected
attribute is the total number of inhabitants (Tot_inhab) per polygon. Note that the assigned
attribute cannot have blank rows in the shapefile. All values must be filled with numbers.

In this case, it is necessary to calculate the proportion of the total population of each polygon
affected by the reservoir. As mentioned, the weight can transform units. If it is desired to use
the number of families as a unit for the displaced population instead of the number of people,
with four people per family, the weight would be 0.25. Mathematically:

_ Int(R, P;)
M(R) = Z we Atr(R) o tes
Where:

w = Unit conversion factor

Atr = Attribute value

Int = Intersection region in unit of area

Area = Domain region in unit of area

P = Polygon

R = Project;i =1,2,3...,n

P1 P2 P3 P4
Total area (km?) 0.361 0.117 0418 0.0939
Total population (people) 259 2 5 1
Affected area (km?) 0.338 0.0447 0.350 0.0939
e I o T B e
Total number of affected people: 242 + 1 + 4 + 1 = 248 people.

14



[t is important to note that for the Values method, independent polygons in the shapefile that
contain the same attribute value must be displayed in different rows in the attribute table, that
is, the merge tool should not be used in a geoprocessing software. If these different polygons are

represented in the same row in the attribute table, HERA will consider the sum of the area of all

polygons to calculate the proportional value of the attribute that is being affected by reservoirs.

The figure below presents an example of the correct representation:

pupulation

207 [Palygon
287 Polygon
302 [ Folygon
372  Folygon
420 Polygon
561 | Polygon
733  Folygon
322  Polygon
452 Polygon
535 Poiygon
552 | Polygon
0

204 [ Poiygon
327 [Poiygon
253 | Polygon
60 Poiyaon
54 [Poygon

1w [E]™ (15 out of 571 Selected)

GRIDCODE
o

All polygons selected in blue have the same attribute value (11 inhabitants). However, each polygon is

represented in a shapefile row. This is the correct representation.

To know which attribute should be indicated for the calculation of the metrics, it required to
know the structure of the shapefile used in the creation of the layer. Shapefiles can be viewed in
geoprocessing software such as QGIS (free) and ArcGIS. The data of the shapefile can also be

opened in Excel by using .dbf file extension. In the example, notice the file named

"population.dbf” that, once opened in Excel, displays the following information:

File

population.dbf ~ P Ssearch
Home nset  Pagelayout  Formulas  Data  Review  View  Help
al 1 AN E=ZE ¥ Bwepte N
B IU O A = [ Merge & Center v
on & ent 5
f Join_Count
c D EFGH I |J K L M N

OBJECTID SE SECIC SETISE SETISETU SE(SECU_CCNCT

17016'73'616 100000 000 000102 73616100000000000102
1713773671100 00 000 000303 73671100000000000303
17138'73'%78"1 00000000 0001 04 73678100000000000104
17217'73"168 100000 000 0002 05 '73168100000000000205
17221 '73'067:1 :om'oxj)oa "300101'73067201001003300101

17222'73"16872 01001004 000101 '73168201001004000101
17262733191 00000000 0002 01 73:

SECU_NAREA

57663.27257570000'10
88268.00411180000 10
184418.90791300000']0
97978.6444129000010
36970.77309510000'10
117371.95873100000']0
551795.1 "10

17349735552 004 02005 0001 01 73555200402005000101
18453730672 00604 0150001017

18478'73'06772'007°02 007 0001017 7000101

10249.3122000000010
38814.81 "0
163362. "10

18479730672 00705 006 000101 73067200705006000101
18480730672 009 02 014 0001 01 73067200902014000101
18481'73'0672'009'03 012 000101 '73067200903012000101
184867371681/000'00 000500101 '73168100000000000101

18508731681 00000000 0001 05 '73168100000000000105
18567'73"168 100000 000 000103731

49293.10898180000'10
10772.11029630000"10
55529.79430980000°10
210490.1515480000010
154290.53017900000 10
660117, 10

18568'73"1681'000'00 000 0002 0173168100000000000201

1856973168 1000000000002 03 73168100000000000203

1858673168 100000000 0003 02 '73168100000000000302

18587'73"168 100000 000 0004 02 "73168100000000000402

18590'73"217"1 00000000 0001 04 73217100000000000104
population

183470,7641890000010
57626.07848780000"10
120000.0923440000010
111228.9322130000010
79352.655SE740000'10

$

Taing Martins Cunha [ TM | - (=] X
Power Pivot 42 Share ) Comments.
B B B B é_ e O 4
3 % ) ‘ct: fS Conditional Ff‘"‘_‘" as  Cel 2 Sort & Find & Ideas
Formatting v Table v Styles v Filter v Select «
o P R S ﬁ el
SECISECU SHAPE Leng SHAPE Area POINTIlArea_km2 Person_km2 Tot_inhab
2005 0.01: 36 0. 213 0.0 '8! r2s T
2005 0.01941592769 0.00000718513 121 0.08816929910 187 16
2005 0.02247421161 0.00001501486 24 0.18420491287 31 6
2005 0.01409008315 0.00000797105 179 0.09784355644 68 7
2005 0.00853554528 0.00000300611 282 0.03691756519 21 1
2005 0.01403915418 0.00000954719 191 0.11720349017 7 1
2005 0.03576732129 0.00004492305 60 0.55119150540 229 126
2005 0. 13 0. 18 315 O 162 2
2005 0.01314444576 0.00000315632 269 0.03876041773 21 1
2005 0.02153325857 0.00001328434 236 0.16312577125 21 3
2005 0.01814444375 0.00000400832 251 0.04922248001 21 1
2005 0.00718753825 0. 253 0. 18 0
2005 0.00966446172 0.00000451517 262 0.05544878439 19 1
2005 0.02443713047 0.00001712416 176 0.21019756286 350 74
2005 0.01899942810 0.00001255212 177 0.15407657464 68 10
2005 0.03536171611 0.00005370338 177 0.65920262582 68 45
2005 0.02332069208 0.00001492629 170 0.18321713892 68 12
2005 0. 2 0. 178 0. 68 a
2005 0.01595029337 0.00000976265 171 0.11983456965 68 8
2005 0.01296188557 0.00000904905 179 0.11107586235 68 8
2005 0.01193768601 0.00000645771 153  0.07925596258 159 13
B B = - 1
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It is important to understand the shapefiles' structure in its source (e.g, the meaning of the
attributes) for the metrics to be created adequately.

e Density: the shapefile attribute has values per unit area for each polygon.

B | Reservoir Metric X

: Following the example of the previously
Name \Populatlon affected
unit [Number of people mentioned metric of values, in this case, the
Consider reservoir buffer [~ . . .
Attibute [Person o2 <7 attributes of the polygons would be inhabitants
Calculation method [ Density attribute (weiaht in attribute units) = Per ka Of area and the respective attribute

>
Value ‘ Unit conversion factor ‘

(Person_km?2) should be chosen. Note that the

1[SINGLE WEIGHT 1.0
' assigned attribute cannot have blank rows in the

Break categories n ndiidual metrcs [~ shapefile. All values must be filled with a numeric

_ e | haracter.

The operation is similar: the area intersections of the reservoir with the polygons is calculated
by multiplying them directly by the value of the attributes of each polygon. Mathematically:

M(R) = Z w - Atr(P,) - Int(R, P,)

P1 P2 P3 P4

Population density
(inhabitant/km?)

Affected area (km?) 0.338 0.045 0.350 0.094
Disp|aced popu]ation 718x0.338~242 | 13x0.0447 ~1 13x0.350=4 | 14x0.0939=1

718 13 13 14

Total displace population =242 + 1 + 4 + 1 = 248 people.

e Categories: the shapefile attribute has text values (categories) for each polygon. For
each category, it is calculated the area affected by reservoirs which will be multiplied by
the measure’s conversion factor. Mathematically:

M(R) = Z w(Atr(P)) - Int(R, P,)

To illustrate this method, the roads.shp shapefile from the example folder is used. The choice
of method for calculating the metric depends on the type of information of the shapefile. When
opened in Excel, roads.dbf file presents the information shown next.
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AutoSave (@ on) roads. dbf = £ Search Taind Martins Cunha T

File  Home Insert  Pagelayout Formulas Data  Review View Help  Power Pivot & Share ) Comments
R Calibri Y11 AR = .  BwepTet Number - I Ellinsert ~ | X - A? p
paste 1~ = P I iy cu%m Fu%as E;f Epelete ~ - 57L7rt & Find & Zs
i BIU.H-v oA == Evegeacener v | § v % 9 BR | L0 Tblew Sylesv | EHFomats | € Fiter v Select~
Clipboard & Font ] Alignment -] Number -] Styles Cells Editing eas ~
P1 fr type v
A B C o E F G| H |1 J K L M N o P QRS T -
1 |FID_MGN_,DP DPTCDPTO_CNMBR DPTO_CACTO DPTO_NAREA DPT DPTCPAISSHAPE_Leng SHAPE_Area FID_roads osm_id name ref  |type Jo bitumaxspe
2 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 234517'184223493 tertiary 000 0
3 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 5075872253073 Calle 6A residential 000 0
4 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 234520'184223496 tertiary 000 ©
5] 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 280530 258856965 track 000 0
6 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 277238"256420394 track 000 0
7 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 200892 146210833 tertiary 000 0
8 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 234474"184214351 residential 000 ©
9 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 200523 9 2 222865"171302520  Carrera 4A residential 000 0
10 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 50878'72254738  Carrera2A residential 000 ©
11 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 5085272254571 Calle 5 residential 000 0
12 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 233772"183790471 residential 000 0
13 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 5113872272623 secondary 000 0
14 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257'3 200523 9 2 274471"254076835 track 000 0
15 2373 1909 TOUMA Ley 65 de Noviembre de 1909 23983356257 3 2005723 9 2 233792 183799645 residential 000 0
16 23173 1909 TOUMA Ley 65 de Noviembre de 1909 230833562573 2005723 9 2 2218316987414 track 000 ©

As seen, there are both numeric and text attributes. However, the Values method will considere
the values filled in the attribute column. If the length of roads intersected by reservoirs needs to
be calculated, the categorized method with attribute “type” can be used, for example.

B! Reservoir Metric X
Name [Lenght of affected roads
Unit [km
Consider reservoir buffer v
Attribute [tvpe =]
Calculation method [ Cateqorized attribute (welaht in area units) =]
Value ‘ Unit conversion factor
1 |bridleway 1.0
‘2—Iaotway 1.0
3 |path 10
Tpummy 10
‘Tlas\denl\al 10
6 [secondary 10
T_sew'n:e 1.0
‘?lamary 10
qicemary,nnk 1.0
Elm(k 10
‘?llunk 10
zunclassilled 1.0

Break categories in individual metrics [

Ok Cancel

The option Break categories in individual metrics creates a separate metric for each type of road
(bridleway, footway, etc.). If a single metric, considering all types of roads, is required, this
option should be unchecked. If results are to be presented in meters, a 1000 factor is needed.

Generally, some of the impacts caused by hydropower development, captured by the metrics
can be converted into costs to integrate the plant’s budget. For example, if a candidate reservoir
floods part of a road, that segment will have to be relocated. Similarly, if the reservoir interferes
with a settlement, people will have to be relocated. In this way, the candidates with high impacts
are correctly budgeted, considering the cost to mitigate these impacts.

#5  To assign these costs, enable the Case settings, and go to Reservoir metrics costs in the

left menu. Select the reservoir metric and the correspondent cost variable, according to
the following table. Note that the unit cost must match the metric unit, that is, if the metric was
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created in km?2, the cost must be informed in USD/km?, and if the metric was created as total

number of people, the cost must be informed in USD per person.

B | Settings ? X
H Optlmlz.er . Reservoir metric |Affected area of Indiaenous lands ~ | .
Attribute sum constraints . Add cost variable
. Excel cost variable]dam conc conc m3 =
Connected streams constraints
Satisfaction constraints Reservoir metric ‘ Excel cost variable ‘ |

Natural river barriers

= Social and Environmental Costs

1|Lenght of affected roads hera_env relc road | (]

Reservoir metrics costs -

2 |Population affected hera_env_popl_rurl_n (<)

bdg res0 rurl up

Rural properties affected by the reservoir

bdg res0 urbn up

Urban properties affected by the reservoir

bdg res0 ppal up

Land purchase for conservation

bdg relc road up

Roads to be relocated

bdg relc rail up

Railways to be relocated

bdg relc brdg up

Bridges to be relocated

bdg res0 tlin up

Transmission lines to be relocated

bdg popl rurl up

Families affected by reservoir in rural areas

bdg popl urbn up

Families affected by reservoir in urban areas

bdg res0 clea up

Vegetation removal before reservoir fill-up

2.8 Unit price database

The unit price database is used in the calculation of the budget of each project. To edit this

database, click on the Engineering tab > Edit budget parameters. Unit values for various civil

works can be modified in its Unit prices tab. It is possible to copy values from an Excel

worksheet and paste them in HERA’s interface. Naturally, it is very important to adjust these

values to the reality where the projects are planned. There may be substantial differences in unit

prices across the countries or regions within the same country, for instance, related to access to

the project site, production of materials, soil availability and others.
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B ! Edit Budget Parameters

Unit Prices (Civil Works) I Unit Prices (Environmental) | Percentages | Conversion Rates |

11

12

1

w

1

S

Parameter | Unit ‘ Value |
Common excavation $/m? 3.82
Surface rock excavation $/m? 10.57
Underground rock excavation $/m? 70.43
Borrow sail $/m? 7.87
Quarry rock $/m’ 10.77
Foundation cleaning and treatment in dam earthworks $/m? 374
Foundation cleaning and treatment in concrete strucutures $/m? 29.96
Cofferdam removal $/m> 332
1st phase cofferdams §/m* 1.91
2nd phase cofferdams $/m? 1.66
Compacted earthfill $/m? 1.35
Clay core $/m? 5.58
Rockfill $/m? 5.23
Filters and transitions $/m? 13.08

[»

=

o)

Cancel |

In the Environmental tab, the cost of relocating structures such as bridges, roads, railroads, and
transmission lines is informed, in case they are impacted by the reservoirs. The costs of land,
people resettlement and vegetation removal before reservoir fill-up are also given in this

window.
B! Edit Budget Parameters X
Unit Prices (Civil Works) Unit Prices (Environmental) ‘ Percentages | Conversion Rates |
Parameter | Unit | Value

1 |Rural properties affected by the reservoir $/ha

2_ Urban properties affected by the reservoir $/ha

? Permanent preservation areas $/ha

T Roads to be relocated $/km 150000
5_ Railways to be relocated $/km 1500000
6_ Bridges to be relocated $/m 35000‘
?Transmission lines to be relocated $/km

: Families or inhabitants affected by the reservoir in rural areas $/un 20000
9_ Families or inhabitants affected by the reservoir in urban areas $/un 25000
; Reservoir cleaning $/ha

Ok Cancel ‘

Other costs can be informed in the Percentages tab. Their values are applied to specific sums of

the budget accounts (for instance, following the table below, indirect cost for basic engineering

will correspond to 4% of the total direct cost defined in the budget).
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B | Edit Budget Parameters X

Unit Prices (Civil Works) 1 Unit Prices (Environmental) Percentages Conversion Rates 1

Parameter | Value ‘

1 |Other costs for civil accounts 2

2 |Other costs for social and environmental accounts 30
3 |Miscellaneous items for civil accounts 20
4 |Miscellaneous items for equipment accounts 20
5 |Miscellaneous items for social and environmental accounts 20

67 Miscellaneous items for indirect costs 10
7 |Indirect costs for construction site and worker's camp 2

8 |Indirect costs for maintenance and operation of the site and the camp 2

9 |Indirect costs for basic engineering 4

10 |Indirect costs for engineering special services 1

7 Indirect costs for environmental projects and studies 1.5
12 |Indirect costs for owner’s administration 1.5

13| interest during construcion | 12

Equipment costs are defined in worksheets from the Brazilian Inventory Manual. Their charts
present reference costs from December 2006 in Brazilian currency reais. Thus, necessary to
update them to the reference date of the project and convert them to US dollars. The values
presented next correspond to the exchange rate in December 2006 and the update rate for 2019.

B | Edit Budget Parameters X

Unit Prices (Civil Works) 1 Unit Prices (Environmental) ] Percentages Conversion Rates 1

Parameter ‘ Value ‘
1|Exchange rate from reais to dollars for equipment costs defined by eletrobras 047
2 |Update conversion rate for equipment costs defined by eletrobras 1.23

Ok Cancel

29 Geological information analysis

In HERA it is possible to create sensitivity maps to provide an analysis of geological aspects
related to the adequacy of the candidate sites through a geological point of view, concerning the
construction of engineering structures (foundation, excavation, etc.) and the reservoir

characteristics (risk of leakage).

At first, it is necessary to obtain a geological map of the interest area in shapefile format. Next,
itis important to verify which field of the attribute table of the shapefile correspond to geological
formations or lithology classifications.
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File View | Project Study Environment Engineering Partition Analysis Optimization

E t{ Project Properties w @ J/4 ﬁ’{_ 8 =f };( Lf}

Process Terrain

W — Geology * | Create map for engineering structures

W R Create map for reservoirs

Delete inflow points

Calculate reservoir geology attributes

& I piiffer T

Choosing the option to create a map for engineering structures, a window will open with a
browse  button to  set the  shapefile  with  geological  information
(“chronostratigraphic_units.shp™®, in the example) and a field to select the correct attribute
(“Descripcio”, in the attribute table). This window has a dropdown to classify each attribute
value as “good”, “average” or “poor”.

B! Engineering structures geology layer X
Shapefile rOS/saIdana/hera/inputs/shapefiIes/capas/project,’unidadesfcmnoestratmgraﬁca.shp Browse Attribute: | Descripcio =
Attribute value ‘ Rock quality classification ‘ -

1 [Abanicos aluviales y depositos coluviales poor j

2 |Andesitas porfiriticas good j

3 |Arcillolitas rojizas con intercalaciones de cuarzoarenitas de grano fino. Mantos de carb... poor ﬂ

4 | Arenitas liticas con intercalaciones de ardillolitas de color gris verdoso y conglomerados average ﬂ

5 |Calizas interestratificadas con arcillolitas, limolitas, shales calcareos y arenitas. poor ﬂ

6 |Capas rojas de limolitas, arenitas de grano fino hasta conglomeraticas, conglomerado... poor ﬂ

7 |Conglomerados rojizos; arenitas feldespaticas y arcillolitas abigarradas; cuarzoarenitas;... poor ﬂ

8 |Cuarzoarenitas, ardillolitas, lodolitas grises y, ocasionalmente, calizas y conglomerados. poor ﬂ

9 |Cuarzoarenitas. shales. maraas. calizas v niveles delaados de cherts. poor -] ﬂ

Ok Cancel |

The classification used in this manual is just an example for demonstration purposes and should
not be treated as a guide for other cases. In fact, in real cases, this classification must be done by
a geologist or a geotechnical engineer.

After selecting all classes, click OK to see the geological sensitivity map for structures, that uses
the risk color code: green for good, yellow for average and red for poor geology.

These results can be used to discard candidates in a preliminary analysis or to guide the
classification of the rock quality in the properties table of each site (for more details about how
it affects the engineering module, see section 3.3).

8 Source: https://www2.sgc.gov.co/ProgramasDelnvestigacion/Geociencias/Paginas/MGC.aspx.
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File View Prcject‘Study Environment Engineering Partition Analysis Optimization Language Help

G A NN N I IR NIV SRR

4 @ @ i

-5 W Inflow points
0 Q sites
O @ Diversion restitution
O Substructures areas
O Substructures axes
o Dams
o Diverted stream
4 == Drainage network
W — Hydrographic network
O Reservoirs
O Geology
O — Transmission line
a . Protected areas
O Environmental Sensitivity Index
a . Dry forest
O paramos
] . Forest reserve
O [l Urban areas

W Rock quality for structures

unknown
good
average
| | poor
O Elevation map m)
275
Mo
M 1569
2216
M 3079
W37
M 4590

A similar classification can be made for reservoirs but considering only two classes: good or
poor. In this example, the same shapefile was used, with a similar classification, by simply
changing the previous “average” classification to “poor”.

File View Project Study Environment Engineering Partition Analysis Optimization

H E Project Properties & @ K K €& = @ R}
| wag]

= N\ .

o ¢ Geology & Create map for engineering structures

i+ Process Terrain
Create map for reservoirs

1 g  Delete inflow points

Calculate reservoir geology attributes
LI

U Substructures areas
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File View Project Study Environment Engineering Partition Analysis Optimization Language Help
DEB|daar 89rrxe=Bsdr@,H 0L/ %~|e

& 'V Inflow points =
QO sites

@ Diversion restitution
Substructures areas
Substructures axes

Dams

== Drainage network
— Hydrographic network
Reservoirs
Geology
— Transmission line
O [l Protected areas
-0 Environmental Sensitivity Index
O [l Dry forest
O Paramos
m} . Forest reserve
O [ Urban areas
O 7 Indigenous lands
O Rock quality for structures
[} Rock quality for reservoirs
unknown
good
average
. poor
I} Elevation map (m)
275
M2z
M 1569
2216
M 3079
W37 =

[m]
[m]
[m]
[m]
[m]
o Diverted stream
[v]
[v]
[m]
[m]
[m]

These results can also be used to discard candidates in a preliminary analysis or to create a metric
that can be used as a restriction in the optimization studies (see item 3.1 to understand how it
can be configured).

File View|Pro»ject Study Environment Engineering Partition Analysis  Optimizatior

!“ Project Praperties & 9 X K €& =f @ %

| Process Terrain

' Create map for engineering structures

© . . Create map for reservoirs
™ Delete inflow points

[+ ¥l Suhctriurturee areac |

Calculate reservoir geology attributes

If the option to calculate reservoir geology attributes is made, HERA will write the percentage
of poor geology for all reservoirs in the tab named “reservoir data” of the properties table of
each site (see section 3.5 to visualize it).
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3 POTENTIAL SITES IDENTIFICATION

3.1 Automatic hydraulic head search

~= HERA provides an automatic hydropower potential screening tool to be used in early
stages of the planning process in a basin, when there is little knowledge about interesting
locations for building dams. Parameters can be defined after clicking this button. Some are

mandatory (Required Fields), others are optional (Search Filters).

The decision about the optional fields depends on the objectives of the search. For instance, if
the interest is to find small hydro projects, a maximum hydropotential can be informed.
Similarly, if the interest is to find rapids and waterfalls, a minimum slope and water head can
be used. Another option provides answers related to potential sites for engineering layouts in
which the powerhouse can be moved away from the dam. In this case, a maximum desired ratio
between the distance between two points in a straight line and their distance along the river
should be informed.

| MNatural head search X

Required fields

Layer name [search 1 ™ V¥ Inflow points
Search distance step (m) |50 [0 O sites
Maximum stream length {m) 3000 Ol @ Diversion rest...
- [] Substructures areas
Show averlapping results =2 &[] Substructures axes
O Dams
Search filters O Diverted stream
== Drainage net...
Maximum distance and stream length ratio (0 to 1) [0.7 — Hydrographic
Minimum head (m) |50 - [] Reservoirs
=] . Flooded area
Maximum head (m) I . Buffer
Minimum average flow (m3/s) I =) ] Bevation map (m) Symbology
-23 Properties
Maximum average flow (m3/s) I = 784 Export shapefile
) ) I— 1592
Minimum hydro potential (M) 100 Remove
2399 =
Maximum hydro potential (MWW) I . 3476
Ok I Cancel | ! 4284 -
caca

After pressing the OK button, a new layer is created with the segments connecting two points
of the hydrographic network that fulfill the criteria selected before. It can be visualized in the
lateral menu of HERA’s interface. Symbology can be modified to facilitate the identification of
the segments. For instance, a palette of colors can be used to identify ranges of the Megawatt
capacity of each segment. The shapefile can also be exported. In Properties, as seen below, the
parameters selected in the search can be recovered. If there is no interest in maintaining a
specific search result, its layer can be removed.
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B Layer Properties x

Layer name |sear|:h 1

Encoding |LITF-8 ﬂ

-— Required fields -—

Search distance step {m) = 50.0
Maximum stream length {m) = 3000.0
Show overlapping results = True

— Search filters —
Maximum distance and stream length ratio = 0.7
Description Minimum head {m) = 50.0

Minimum slope = 0.01
Minimum hydro potential (MW) = 100.0

3.2 Identifying potential locations

»  The river longitudinal profile is also a valuable tool to identify potential locations for

% hydropower, especially rapids and natural falls. After enabling the tool on the upper

main menu, use the left button to select a start and an end point for the river profile.

Note that the selected river stretch must be hydraulically connected. After selecting it, it will
appear on the map marked in blue. Right click on the blue stretch and choose Profile charts.

2500

Z 010
¥

2 005
% 000

0 25000 50000 75000 100000 125000 150000 175000
Distance (m)

The elevation profile is presented in the red line, whereas the river discharges are presented in
the blue one. The graph at the bottom of the screen provides the river slope. The slope peaks
often indicate large concentrated natural hydraulic heads. In this screen, it is possible to create
sites along the longitudinal profile (see how to do it in the next section). If there are already
simulated sites on the map, they will also appear in the profile.

Other useful tools to this process are available on the main upper menu, being described in the

sequence.

The rule measure distances by clicking with the right button and creating a single
segment, or a path. Use the left button to finish it.

li The Elevation profile tool traces the profile of the digital elevation model for the selected
straight-line segments. Select the starting point and inflection points with the left
button, and finish with the right button.
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Elevation profile

Elevation profile (m)
& s & v v w
S 8 3 G
G 3 & 38 & 2
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<]

w
]
&

0 500 1000 1500 2000 2500
Distance (m)

@ The contour line tool generates contour lines on the hypsometric map for a selected

area, according to a selected interval, such as 5 meters. After enabling the tool in the
upper menu, click a rectangle where the contour lines are to be displayed on the map. After
drawing the rectangle and releasing the left button, select the desired interval.

3.3 Creating and/or deleting candidate sites
There are different ways to create candidates for new hydroelectric plants:

(1) by choosing a location directly on the map.

(i) through several points equally spaced vertically on a stretch of interest.
(ili) by choosing a location on the river profile.

(iv) by importing a shapefile with the points of interest.

It should be noted that it is only possible to create sites on active selected rivers (which appears
in red color). This was described in Section 2.5.

To select a specific location in the map, enable the site manipulation tool in the main
upper menu and left click in the desired location.

HERA will request the confirmation of the site creation, indicating its coordinates. After
confirmation, a yellow dot will appear on the map, indicating the location of the candidate site.

i Create site

@=% Do you wish to create site in (1077274.82, 1106554.49)7

kK 4
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% The second option is enabled with the profile tool previously shown in item Section 3.

After enabling this tool, select a start and end point on the active river network. The

selected stretch will appear in light blue. Right click on the selected stretch and choose Create
sites. Select the number of desired sites that will be equally spaced vertically (elevation).

Profile chasts
Create sites

Clesr profile

© Site generation para.. 7 *

Number of sites | 5 |

I OK | | Cancel |

The third option is also on the river profile tool. Right click on the selected stretch and choose
Profile charts. While moving the cursor on the chart, a black vertical thin line can be seen.
Position this line, for instance, after the beginning of a fall, left click and confirm. Click Ok to
close the river profile window. Notice the yellow dot now shown on the map. Open the river
Profile chart window again and notice the yellow dot also on the chart.

€ ¢ Q B

x=24008.1  y=770.824
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Elevation profile (m)
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) M’r\\/’mw
0.0

0

File View Project Study Environment Er

New Project Ctrl+N
Open Project Ctrl+O
Close Project

Import inflow points
Import historical flow series
Export historical flow series

Create user layer Ctrl+L

Export user layer metrics

Import user layer metrics

& Export KML
L% Export data files

A Bt

10000 20000 30000 40000 50000
Distance (m)

The fourth option is to import a shapefile to HERA with the
coordinates of the sites, through the main menu, at File> Import
sites. Browse to the folder that contains the shapefile. Note that it
must have the same cartographic projection of the digital elevation
model. This option may be interesting, for example, if a previous
study was developed in the basin and the coordinates of candidate
projects are known.

87 Select sites shapefile X
Shapefile \ Browse
Ok Cancel |
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Location properties can be accessed using the Site manipulation tool by right-clicking
C[l} at the site and then clicking Properties, or double left-clicking the yellow dot, always
with the Site manipulation tool enabled.

B/ Site properties ple
General I
General properties Geology
Site ID 98 | Soil thickness:

Name Riverbed (m) |

|

Coordinates [ (432667.44, 360750.93) | Rioht bank (m) |

Elevation (m) [ 053.29  Left bank (m) [
) | 12278 | Rockaquality | |

Drainage area (km2

Ok Cancel |

As no reservoir has been simulated yet, site properties will only display general
information, such as Site ID (Identification code of each location), a name, the
coordinates, the corresponding elevation in the elevation profile, and drainage

area. Try editing the name field that will be exhibited on the map.

If there is information available about the site geology, it can be inserted in that window. The
average thickness of the soil layer in the riverbanks and depth of the riverbed will be considered
when calculating volumes. In the current HERA version, the rock quality classification will only
impact HERA’s selection on the type of lining to be considered in the tunnels. However, other
relations can be created in the engineering worksheets.

In this version, there is still no link between the geology information on the site properties
screen and the geological sensitivity maps.

If there isn’t any information in that window, HERA will consider the rock quality as “poor”, a
3-meter soil thickness and a 3-meter riverbed depth.

To delete a candidate site, enable the Site manipulation tool, right click on the site, and
Delete it.

Study Environment Engineering Partit All sites can be deleted at once with the option Study> Delete
#\. Process hydro projects Sites of the menu bar. HERA will ask for confirmation before
Export hydro projects CSV deletion.
Process hydro projects CSV file

g Partition alternatives properties

Delete sites

# Manage partition alternatives

3.4 Simulating reservoir alternatives

T\}- With the Site manipulation tool enabled, right click on the desired site and choose Define
hydro projects.
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HERA will then open the following window, let us call it the hydraulic head creation window.

B | Hydro projects generation parameters X
Parameters
Delete existing non-selected hydro projects [ Calculate flows [v Calculate projects cost [
Rebuild dam and reservoir of existing projects [ Default capacity factor (0 to 1) 0.55 Cost estimator Endineering model ¥ |
Maximum acceptable dam length (m) 2000 Starting date for energy studies (mm/yyyy)
Gl T RS r Ending date for energy studies (mm/yyyy) [

:‘3 Filter Sites ‘ Q Select existing | @ Remove all ‘ Q Single ‘ Q Multiple ‘ ﬁ Engineering ‘ Q Environment ‘ E' Export CSV ‘ -El Import CSV ‘ @ Delete from database |

Site | Site Site | Site | Project | Project | Reservoir | Diversion | Restitution | Restitution | Capacity factor | Power | River transfer
name | ID ID | name ID name | head (m) | head (m) | coord. X coord. Y (Oto 1) (MW) project ID

jSite 98 98

This window has input data related to physical and energetic characteristics that will be used to
design and simulate the candidate sites. It’s necessary to go through them one by one, but for
now, let us skip the following options: Delete existing non-selected hydro projects, Rebuild dam
and reservoir of existing projects and Calculate flows. Since they are used when reservoirs have
been simulated, they will be explained in Section 3.6.

Maximum acceptable dam length (m)

This field allows limiting the maximum dam length according to local topographic
characteristics. While designing the dam, HERA secks the shorter segment that closes the
abutments and creates the informed hydraulic heads. If it is not possible to create a reservoir for
a certain head in a segment equal or shorter than the maximum acceptable dam length, HERA
will not provide results for this head.

Calculate reservoir metrics:

HERA will only calculate user-defined metrics. Thus, intersections between the reservoir areas
and user defined geographic data layers will be determined if this option is checked. For this,
the metrics must have been created, according to Section 2.7.

Default capacity factor

The capacity factor is the ratio between the average electricity generation and the installed
capacity. Generally, it is selected based on the annual variability of the hydrology regime and
some measure of the opportunity cost of energy. An island that imports expensive diesel may
design a hydro power plant to run with a lower capacity factor because for economic reasons.

Hydropower schemes often have significant flexibility in their design. For example, they can be
designed to meet baseload demands, with an installed capacity low enough to ensure relatively
high average capacity factors, but at the expense of being able to ramp up production to meet
peak demand loads. Alternatively, a scheme could have relatively high installed capacity and low
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capacity factor if designed to help meet peak demands and provide spinning reserve and or/or
other ancillary grid services.

The decision about which strategy to pursue for any given hydropower scheme is highly
dependent on the local market, structure of the power generation pool, grid
capacity/constraints, the value of providing grid services and others’.

Given a user-provided capacity factor, HERA’s algorithm determines the capacity to be installed
through a binary search until the capacity factor calculated for the project meets the selected
input. If the Default capacity factor is selected, it will be used in all plants, unless individual
values for each site are provided in the table.

Starting and ending date for energy studies

This is the period to be considered in the energy studies. To calculate the installed capacity, for
example, it can be used the complete discharge historical record, or a critical period of low flows.
In the latter case, the energy produced is also known as firm energy.

Calculate projects cost

If this option is checked, HERA calculates the investment cost (budget) of the projects according
to the method indicated in the selection box below.

Calculate projects cost [v

Cost estimator |Enqineerina model |~

The Simple Log Formula option applies a simple equation, which estimates the project
investment cost from installed capacity and hydraulic gross heads. The Engineering model
option is much more detailed (as seen in Section 4.3). It estimates the cost of civil structures
using the unit price method. HERA's engineering module calculates the total volumes and some
detailed quantities for each structure according to the type of work to be performed (concrete
work, reinforcements, excavations) and the total costs are obtained by multiplying the
quantitative by the unit prices attributed to each item. A database of unit prices must be
provided according to Section 2.8.

7 Filter Sites The Filter Sites option selects a subset of site locations. When clicking this

button, a window with all available sites pops up (yellow dots) in the case.
Desired sites can be selected by pressing the Ctrl key of the keyboard and the left button to
choose multiple locations simultaneously. Right-clicking and dragging down can also be used
to select multiple locations. Ctrl A selects all available locations.

© sngl The Single button is used to add a new reservoir alternative (new hydraulic
ingle

head option) to the selected site(s). To use this button, first select the site
at the left list of the window or use the Filter Sites button.

9 IRENA working paper: Renewable Energy Technologies: Cost Analysis Series. Volume 1: Power Sector. Issue 3/5.
Hydropower. June 2012. https:/www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-hydropower.pdf
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The Multiple button allows the creation of multiple head alternatives in the
© Multiple same location.
. The Reservoir head is the difference between the reservoir
I Reservoir head . . .
A maximum water level and the terrain elevation at the dam
I Diversionhead  ite The Diversion head, valid for diversion schemes!?, is the

difference between the terrain elevation at the dam site and

the powerhouse. HERA will provide results for all possible combinations between the reservoir
and diversion heads.

B Alternatives for hydropower heads (UxD) X

Reservoir heads (m) |10, 20, 30, 40, 50, 60, 70, 80|

Diversion heads (m) |O

Ok Cancel |

The red buttons on the right, highlighted in the following picture removes single head
alternatives from the selection. This option does not delete the simulated candidates in the
database, it only removes the head alternative from the hydraulic heads table, that is, it will not
be simulated.

8 ' Hydro projects generation parameters

Parameters

Delete existing non-selected hydro projects [ Calculate flows v Calculate projects cost [v
Rebuild dam and reservoir of existing projects [ Default capacity factor (0 to 1) [055 Cost estimator Enolneauirﬁd;iii
Maximum acceptable dam length (m) 12000 Starting date for energy studies (mm/yyyy) [01/1976

Calaulate reservoir metrics Ending date for energy studies (mm/yyyy) [12/2015

T Filter Sites 1 O Select existing | &) Remove all | € Single & Multiple ‘ 2 engineering | # Environment | [=* Export CSV 1 =] 1mport csv | [ Delete from database
[ [site | Site |  Site | Ste | Project| Project | Reservoir | Diversion | Restitution | Restitution | Capacity factor | Power | River transfer | ‘ B
name | ID ID | name ID name | head (m) | head (m) | coord. X coord. Y Oto1) (MW) project ID
1stess| 98 |1| 98 'stess s32 s98ps32 100 432199.78  361043.08 ®
l 2| 98 site98 533 s98p533 200 43219978 361043.08 -]
; 98 Site98 534 <98pS534 300 43219978 361043.08 e
.747 98 Site98 535 s98p535 400 432199.78  361043.08 =}
ls 98 Site98 536 s98p536 50.0 432199.78  361043.08 =}
i(, 98 Site98 537 s98pS37 60.0 43219978 361043.08 ®
7 | 98 Site98 538 s98p538 70.0 43219978  361043.08 -] :
o | vl

Ok Cancel

The Select existing and Remove All buttons are valid when candidate projects have already been
simulated. Select existing adds to the table the alternatives previously built in those locations
that are selected in the left window if there is an interest in editing them or retrieving them for

10 A hydropower plant scheme that has the powerhouse right downstream the dam is called “foot of dam”, or “toe
of dam”. A diversion scheme is a type of hydropower plant in which water is diverted through tunnels or channels
in order to take advantage of an elevation difference between the reservoir and the powerhouse, that can be located
some kilometers downstream the dam, or even in another river or basin.
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a new simulation. Remove All deletes all alternatives displayed on the table but does not delete
them from the database.

The Site ID, the Project ID and the Project name are automatically defined by HERA in the
hydraulic heads table (the following picture). The Site name can be edited but not in the
following table (check Section 3.3 to see how to edit this name).

Site | Site | Project | Project | Reservoir | Diversion | Restitution | Restitution | Capacity factor | Power | River transfer

ID | name ID name | head (m) | head (m) | coord. X coord. Y 0to 1) (MW) project ID
1| 98 [Site 98 10 115.53| 43220299 361043.08 @
2| 98 Site 98 20 115.53| 432202.99| 361043.08 @
3| 98 Site 98 30 115.53| 43220299 361043.08 @
4| 98 |Site 98 40 115.53| 43220299 361043.08 @
5| 98 Site 98 50 115.53| 43220299 361043.08 @
6| 98 Site 98 60 115.53| 43220299 361043.08 @
7| 98 Site 98 70 115.53] 43220299 361043.08 @

There are two ways of simulating diversion schemes in HERA. The first one is to directly fill the
diversion head in the hydraulic head creation window. In that case there is no need to input the
restitution coordinates, it will be automatically verified by HERA.

The second one, more precise, is to use the Diversion scheme tool. After enabling this

tool, left click on the yellow dot that represents the dam site and make a second left click
to place the powerhouse. Note that the second click must mandatorily be placed at a lower
elevation than the first click. After the second click the hydraulic head creation window will
automatically open, with the restitution coordinates and the diversion head already filled.

Elevation delta: -117.09

~,

B site o8

As already mentioned, there is a Capacity factor column in the hydraulic heads table. If this
column is left blank, HERA will consider the Default capacity factor.

Instead of selecting a capacity factor, it is possible to define the installed capacity of each plant.
In that case, HERA calculates the corresponding capacity factor as an output.
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The River transfer project ID is the project ID number of the upstream reservoir from where

water will be diverted in the cases of basin transposition. Let us use as example, the site 316 of
our example case.

The previous example shows a basin diversion from Project ID 316 to a tributary where Project
ID 543 is located (site 99). Therefore, when creating hydraulic heads for this site, it is necessary
to indicate this site receives water from upstream Project ID 316 (as in the table below).

my Hydro projects generation parameters

X
Parameters
Delete existing non-selected hydro projects [ Calculate flows [v Calculate projects cost [v'
Rebuild dam and reservoir of existing projects [ Default capacity factor (0 to 1) [0.55 Cost estimator Endineering model ¥ |
Maximum acceptable dam length (m) 2000 Starting date for energy studies (mm/yyyy) [01/1976
Calculate reservoir metrics 2 Ending date for energy studies (mm/yyyy) |12/2015
? Filter Sites | @ Select existing | @ Remove all | @Single | @ Multiple | QEngineering | ‘ Environment | E’Expart csv | -El Import CSV | m Delete from database|
Site | Site Site | Site | Project| Project Reservoir | Diversion | Restitution | Restitution | Capacity factor | Power J§ River transfer
name| ID ID |name| ID name | head (m) | head (m) | coord. X | coord.Y Oto1) MwW) | project ID
F ‘ 99‘ 1 99 10.0 0.0 0.30 316 @
2( 99 100.0 0.0 0.30 316 @
3] 99 50.0 0.0 030 316 @
If the project design flows have already been determined by previous
,@ Engineering

hydrology studies or the user wants to use criteria that are different
from HERA default recurrences, the Engineering button can be used.

In the following window it is possible to input the flows used to design the spillway, the stilling
basin, the river diversion — it is even possible to differentiate it in two phases — and the
powerhouse deck protection. These values must be defined for each project ID, even if they
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belong to the same site to test different criteria for comparison. Similarly, it is possible to inform
an average inflow if a historical series is not available.

& Design flows

Average Spillway  Stilling basin 1st phase 2nd phase Powerhouse
inflow (m3/s) (m3/s) walls (m3/s] diversion (m3/s) diversion (m3/s] deck (m3/s)

1382.00 035.00 035.00 925.00 1382.00

If these values are left blank, HERA will be calculated them automatically from the maximum
flows of the stations using a 50-year recurrence time for the 2nd phase diversion, 100-year for
the Ist phase diversion and the stilling basin, and 10000-year for the spillway and the
powerhouse deck.

For each Project ID, HERA allows the definition of a buffer zone around
the reservoir, as mentioned in Section 2.7, and the configuration of
ecological flows in case of diversion schemes. Use the Environment button to open the

i .
i Environment

following window and make these settings.

B ' Environmental parameters X

Buffer zone Minimum flows }

Jan | Feb ‘ Mar | Apr ‘ May| Jun ‘ Jul |Aug ‘ Sep | Oct ‘ Nov| Dec ‘

1) 2027 246| 334/ 451 518/ 508 521 502 361 407 455 3.14

2| 202| 246 334 451 518 508 521 502 3.61 407 455 3.14

3| 202| 246 334 451 518 5.08 521 502 361 407 455 3.14

Ok Cancel ‘

The buffer zone around the reservoir might be a requirement from the Environmental Agency,
as a zone that the developer must keep protected as a conserved area. In addition, in some
countries, the influence area of a reservoir includes a buffer zone around it, and the impacts on
this zone must also be accounted, like the number of people to be resettled, or impacts on
infrastructure, for example.

In case of diversion schemes with a large hydraulic circuit that creates a stretch of reduced flows
in the natural course of the river, it is common to consider ecological flows. These flows will be
deducted from the incoming flow to calculate the turbined discharge and, therefore, will not be
considered in the installed capacity or in the electricity output of the plant.

After completing all the parameters of the hydraulic head creation window, click OK for HERA
to start processing the alternatives.

If the alternatives are simulated with the Calculate projects costs option unchecked, HERA will
only perform two functions for the projects listed in the hydraulic head creation table: find the
smallest segment of dam axis for the site, considering each given head height, and try to generate
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the respective reservoirs with their metrics. When the processing finishes, HERA presents a list
with the simulated reservoirs, but if the site topography does not allow the creation of a reservoir
within the maximum established dam length and inputted hydraulic head, HERA will display a
message as shown below, and will not draw the reservoir.

© Hydro projects generation results ? X

Could not build reservoir with elevation 35
Could not build projects for site 4: USDO

As shown in the image below, the alternative displayed on the map can be selected by right-
clicking on the yellow dot with the Site manipulation tool enabled, then on Selection, and finally
on the desired drop combination. In this case, the value that follows U (from upstream) is the
reservoir head, and the one after D (downstream) corresponds to the diversion head.

Inventory Restrictions * s98p532 (U10D115)

s98p533 (U20D115)
s98p534 (U30D115)
s98p535 (U40D115)
s98p536 (U50D115)
s98p537 (UBOD115)
s98p538 (U70D115)
s98p539 (UBOD115)
s98p540 (U30D115)
s98p541 (U100D115)

Properties

Define hydro projects
Set river transfer inflows
Delete

On the map, the dam axis is shown in pink under the yellow dot; the reservoir, in blue; and the

restitution location, in the case of a diversion scheme, is presented as the light blue dot.
i i N

If the alternatives are simulated with the Calculate projects costs option checked, HERA will
test all possible combinations of templates and layouts to calculate the plants’ budget. The
templates and layouts will be addressed in detail on Section 4.3. When HERA can successfully
estimate the budget for a tested layout, the total cost appears at the end of the line (see the
second line in the example below). When the budget cannot be estimated, an error message
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indicates the type of constraint or the cell in the dimensioning worksheet that prevents
completion of the calculations (in the example, an undesired overlap between structures).

Layout FtRbnkDsch SpRbnk InRbnk invalidated: Overlap of chute spilway and hydraulic drouit
Layout FtRbnkDsch SpRbrk InLbnk built with cost = 337,095, 100 (1353/KW)

There are several reasons that prevent the budget estimation of some projects. Commonly, these
cases are related to restrictions on the equations used in engineering worksheets or topographic
characteristics, that can unviable, for example, the implementation of a diversion tunnel in very
flat valleys. The log window also displays a summary of the combinations of templates and
layouts selected for each processed head alternative, always corresponding to the design with
the cheapest index cost. The log is also written in the LOG directory inside the case folder.

—- Summary -—

Total cost for project s74p465({465) - template PhFrvt HsTunl DmConc Splbas DvGall - layout DtRbnkDsch SpChed = 95,092, 156 {796/KW)
Total cost for project s74p466({466) - template PhFrvt HsTunl DmConc Spllbas DvGall - layout DtRbnkDsch SpChed = 98,479,725 (798/KW)
Total cost for project s74p467(467) - template PhFrvt HsTunl DmConc Splbas DvGall - layout DtRbnkDsch SpChed = 101,757,825 (799/KW)
Total cost for project s74p468(468) - template PhFrvt HsTunl DmConc Splibas DvGall - layout DtRbnkDsch SpChed = 108,356,652 (825/KW)

3.5 Reservoir properties and exporting results

Reservoir properties can be accessed with the Site manipulation tool by right-clicking
CE} and then clicking Properties, or double left-clicking the yellow dot.

Selection 3

Inventory Restrictions  »

Properties
Define hydro projects
Delete

The General tab presents the main energy properties and the cost of each head alternative. In
the next example HERA is unable to find a valid combination of template/layout for the 40-
meter head. All other budgets of that site were estimated successfully.

Project | Project | Reservoir | Diversion | Gross Turbined Capacity factor | Power | Estimated annual Final annual Total cost | Index cost | Maximum water | Reservoir

1D name | head (m) | head (m) | head (m) | inflow (m3/s) (0to 1) (MW) | production (GWh) | production (GWh) [ (MM $) ($/kw) level (m) area (km2)
1‘ 392 s46p392 10.00 0.00 10.00 348,92 055 2922 140.77 142.95 10028 3432.09 442.00 1.72
A‘ 393 546p393 20.00 0.00 20.00 348,92 0.55 5844 281.55 28590 13390 229137 452.00 6.69
3‘ 394 s46p394 30.00 0.00 30.00 348,92 055 87.65 42232 428.85 16871 192473 462,00 1391
4‘ 395 s46p395 40.00 0.00 40.00 348,92 055 11687 563,09 0,00 472,00 21,65
5 396 s46p396 50.00/ 0.00 50.00 348,92 0.55 146,09 703.87 716.21 22508 154071 482.00| 29.68

The table always shows a Project ID, project name (automatically generated by HERA) and the
user-defined water head. HERA calculates the maximum turbine flow rate (m3/s), the annual
production (GWh), the total capital cost (Million USD), the index cost (USD/kW), the water
level and reservoir area. As mentioned earlier, if the capacity factor is given, HERA calculates
the installed capacity and vice versa.

In the Reservoir data tab, the main characteristics of the reservoir are shown, as well as all the
configured metrics.
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7 site properties

General  Reservoir data | Reservoir charts | Engineering | Env. flows |

Project | Project | Maximum water | Minimum water | Reservoir | Poor geology Reservoir Useful Buffer Affected area of Forest area Affected area covered

[} name level (m) level (m) area (km2) area (%) volume (hm3) | volume (hm3) | area (km2) | Indigenous lands (km2) | affected (km2) by Paramos (km2)

1 392|s46p392 442.00 442.00 172 100.00 6.78 0.00 0.00 0.00 0.0
2 393 m6p393l 452.00 452.00] 6.69 100.00 45.73‘ 0.00 0.00 0.00 0.0
; 394 ylﬁp394l 462.00 462.00 13.91 ‘\00.00‘ ‘\44.6?‘ 0.00 0.00 0.00 0.0
4 395 546p395 472.00 472.00 21.65 100.00 32187 0.00 0.00 0.00 0.0
5 396 s46p336 482.00 482.00 29.68 100.00 616.23 0.00 0.00 0.00 0.0

Very small portions of
Concession areas affected

Population affected

Affected road

Dry forest Protected areas | Population affected | Concession areas | Lenght of affected
affected (km2) | affected (km2) | (Number of people) affected (km2) roads (km)
0.00 0.00 0.68 0.00 0.73
0.00 0.00 248.32 0.01 8.05
0.00 0.00 277.96 0.02 10.69
0.00 0.00 269.81 0.03 14.19
0.00 0.00 27354 0.06 16.24

Note that at this point candidates that perform poorly on a certain metric do not need to be
removed. In a case with hundreds of candidates, doing this manually would be unfeasible. It is
preferable to maintain all candidates and define social and environmental constraints in the
optimization module (Section 5.1). Conflicting candidates (reservoir that would prevent the

construction of another dam, or more than one head options in the same site) are also
controlled by the optimization module.

In the Reservoir charts tab, the graphs of the area x water level and the volume x water level of
the selected location can be visualized.

37




(W7 site properties

General | Reservoir data Reservoir charts Engineering | Env. flows |

Area x Elevation Volume x Elevation
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470 470 4
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430 4 430 4
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This button exports the content of the project to KML, that can be opened in Google
Earth, as the example below. It can also be accessed through File > Export KML.

G

i % This button exports shapefiles with layers of information created by HERA, that can be
used in geographic information software, such as QGIS or ArcGIS. It can also be accessed

by File> Export data files. It is also possible to export CSV files with properties and metrics of
candidate sites and cascade alternatives.
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B | Export data files X

Destiny folder | Browse

Tiff files

1

Terrain
Shapefiles

Hydrography
Flow points
Study network
Sites

Dam axes

< < <<« A

Reservoirs
CSV files

Sites
Hydro projects

<1<«

Partition alternatives

Filters

Only projects in partition |-—-—- [=]]
Only visible projects [
Only projects with cost |

3.6 Editing sites and projects already created

The highlighted options below are useful when projects have already been simulated in a case
and there is an interest in editing them.

Delete existing non-selected hydro projects || [ Calculate flows || |
Rebuild dam and reservoir of existing projects [_| Default capacity factor (0 to 1) 0.55
Maximum acceptable dam length (m) 2000.0

Starting date for energy studies (mm/yyyy) |01/2000

lcul i
B =D TS L Ending date for energy studies (mm/yyyy) |12/2010

Delete existing non-selected hydro projects

If this option is checked, the projects that are visible on this window’s table will be resimulated,
and any existing projects that are not visible in the table will be removed from the database.

Rebuild dam and reservoir of existing projects

This option is used to rebuild the dam axes and their respective reservoirs. For example, if there
is a case already executed with a 5000-meter Maximum acceptable dam length (m) that will be
changed to 2000 meters. In this case, HERA needs to rebuild the dam axes, and this option must
be checked, since just keeping existing projects in the table and maintaining the Project ID
would only make HERA recalculate the energy parameters and budget, but it would not update
the dam axis. Checking this option is also recommended when there is a new version of HERA.

Calculate flows

If discharge series of any station are modified, or new stations are inserted or removed, after the
simulation of any reservoir, it is advisable to recalculate flows by keeping this option checked.

To permanently delete projects from the case database, select only
(i Delete from database the projects to be deleted on the hydraulic head creation table. Then

click on this button.
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4 ENGINEERING DESIGN

4.1 Reservoir operation analysis

‘ This tool is used to simulate the reservoir operation. The simulation helps define the

storage regulation capacity and the minimum operated flows supported by the
reservoir. It will be also possible to check the effect of this operation in other energy-related
parameters of the project, including its installed capacity.

B | Reservoir operation

Starting date for energy studies (mm/yyyy) |01/1956

Ending date for energy studies (mm/yyyy) |12/1965

Once the reservoir is selected, enter the period over for the simulation of reservoir operation.
Only the inflows of this period will be used in the following calculations. The period is defined
by a start month and an end month, by default, the same used in the initial energy simulation.
Both must be entered in the format mm/yyyy and the period must be larger than one year.

After the initial processing, the following screen is displayed:

€+ +a B

- 3105
5 6 7

This window has seven main components, six charts and one control panel. This window
represents the current hydroelectric project focusing on the possible reservoir operation modes.
Some alterations of the project parameters can be simulated here. More specifically, it can
simulate the actual energy production for any given installed capacity (or power) and useful
volume (defined also by the minimum water elevation), either in terms of firm energy or
average energy. The components are described as follows:
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(1) Historical inflows

The blue line shows the average monthly inflows for each month of the given period. The orange
line displays the expected inflow for each month, which is simply the average inflow for each
month of the year in the given period. Note that the expected inflows repeat themselves every
twelve months, providing an immediate visualization of drought and flooding periods. The
horizontal dashed red line represents the current maximum turbined inflow of the project. If
compared to the historical inflows, it can be used to reassess the capacity factor of the plant.

(2) Elevation x area

This represents the reservoir surface area for each elevation. The horizontal dashed red line
represents the current minimum water elevation of the project.

Elevation x Area

370 A /

| x=44.56, y=362.64

360 +

350 4

Elevation (m)

T
o 20 40 60 80 100
Area (km2)

By clicking anywhere on this chart, the minimum water elevation can be changed and all charts
depending on this value will be rebuilt. Note that this still will not change the project on the
Hera database, instead it is done only for simulation purposes. To save these values to the real
project, use a specific control panel option (item 7 described in the sequence).

(3) Energy x minimum water level

This chart simulates the energy production for each possible minimum water level. The
horizontal red dashed line represents the current minimum water elevation of the project,
which can also be changed in this chart by clicking anywhere on it, as in the previous chart.

Energy x minimum water level
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The solid blue line represents the maximum firm energy that can be produced with each
minimum water level. The firm energy here means the production that can be sustained every
month in the given inflow period, considering all different values for the useful volume. In this
example, it means that, if for a minimal (firm) monthly production of 60MW based on the
entire inflow period, the reservoir needs to be operated to elevation 370m. If the project is
designed to have a minimum water elevation above 370m, it will not be able to sustain 60MW.

The solid green line represents the maximum average energy that can be produced with the
minimum water level. In this example, since this line is almost vertical, it means that the total
production of this project will not suffer much if the minimum water level is too high.

The blue and green dashed lines represent respectively the firm energy and average energy when
the operation focuses on maximizing the average energy or the firm energy. In other words, if
the reservoir is operated to maximize the firm energy (solid blue line), the average energy is
shown by the green dashed line. Likewise, if the operation mode is to maximize the average
energy (solid green line), the corresponding firm energy is shown by the dashed blue line.

(4) Energy x minimum volume

This chart is analogous to the energy x minimum water level chart (item 3 above). The
difference is that Y axis here represents the minimum volume of the reservoir instead of the
minimum water level. The minimum volume can also be changed by clicking on this chart. By
changing the minimum reservoir volume, the minimum water level changes accordingly.

(5) Installed capacity x energy

This chart illustrates the effects of changing the installed capacity or the maximum power of the
hydroelectric project on energy production. The vertical red dashed line represents the current
installed capacity and can be changed by clicking on the chart. Note that this still will not change
the project on the Hera database, instead it is done only for simulation purposes. To save these
values to the real project, use a specific control panel option (item 7 described below).

Installed capacity x energy
70

—— Maximum firm energy
=== Minimum firm energy
—— Maximum average energy
=== Minimum average energy

Energy (MW)
8 8 8 3
! ! ! !

[~]
o
L

10+

T T
0 20 40 60 80 100
Installed capacity (MW)

The meaning of the blue/green solid/dashed lines are the same as in the two previous charts.
The case shows that the firm energy cannot be improved by increasing the installed capacity.
This chart is built considering the current minimum water level (or minimum volume) defined
by the red dashed line in the previous charts. Likewise, the previous charts are built considering
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the installed capacity defined here. Whenever the minimum water level or the installed capacity

changes, all associated charts will be rebuilt considering their new values.

(6) Firm energy x average energy

This chart displays the average energy for each value of the firm energy that the project is

required to produce. The horizontal red dashed line shows the current average energy the

project is supposed to produce. The average energy also defines the capacity factor of the project.

(MW)

Average energy

Firm energy X average energy

66.5

66.0 1

65.5 4

65.0 1

T T
0 10 20 30 40 50
Firm energy (MW)

60

This last chart shows it is necessary to slightly reduce average energy (about IMW) to maximize

the firm energy. The current average energy and capacity factor can be changed by clicking

anywhere on this chart.

(7) Control panel

This panel displays some fields of the parameters of the studied hydroelectric project. Only the

installed capacity and useful volume are editable fields. Whenever new values are provided for

these fields, click on “Update charts” to update charts considering the new values. Whenever

any of the values displayed on the fields is changed by clicking on the charts, the fields are

automatically updated.

Power (MW} W
Turbined inflow (m3/s) 247.40
Capacity factor (0 to 1) 0.791

Estimated annual production (MW) |65.65
Reservoir volume (hm3) 1109.79

Useful volume (hm3) 400.00
Maximum water level (m) 375.00

Minimum water level (m) 370.00

Update charts |

Restore original parameters |

Redefine parameters |
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The button “Restore original parameters” will restore the parameters of the project the moment
this screen is initially displayed.

Every parameter changed on this screen has no effect in the real project stored in the Hera
database unless the button “Redefine parameters” is clicked. Only then the changes are saved,
and the project updated. Saving these new parameters may cause the engineering structures and
project cost to be deleted, since it may no longer be compatible with the new parameters.

4.2 Simulating project alternatives in batch mode

The hydraulic head creation window shows the candidate projects that will be simulated after
clicking OK. In the example below, three projects (i.e. three project alternatives with different
heads) will be simulated for site 99. More projects can be added for the simulated on this table,
or even all existing projects in the site, as described in item 3.4.

B Hydro projects generation parameters

X
Parameters
Delete existing non-selected hydro projects [ Calculate flows [v Calculate projects cost [v'
Rebuild dam and reservoir of existing projects [ Default capacity factor (0 to 1) [0.55 Cost estimator Enaineering model _~ |
Maximum acceptable dam length (m) 2000 Starting date for energy studies (mm/yyyy) [01/1976
Calculate reservoir metrics M Ending date for energy studies (mm/yyyy) [12/2015
‘_f’ Filter Sites ‘ Q Select existing ‘ @ Remove all ‘ Q Single ‘ Q Multiple ‘ ,@Engineering ‘ ,'Q_ Environment ‘ E° Export CSV ‘ -a Import CSV ‘ @ Delete from database ‘
Site | Site Site | Site | Project Project Reservoir | Diversion | Restitution | Restitution | Capacity factor | Power | River transfer
name | ID ID | name ID name head (m) | head (m) | coord. X coord. Y 0to 1) (MW) project ID
’T 99 1 99 10.0 0.0 0.30 316 @
21 99 100.0 0.0 0.30 316 @
3] 99 50.0 0.0 0.30 316 @

[ export csv With this button is it possible to export the visible data from the hydraulic head

creation window to a CSV file. This option is also interesting to save the data for future
execution.

Study IEA Blueprint Engineering PSR It is possible to export a CSV file with all simulated
gl_' Process hydro projec'ts EI prO]GCtS frOIn the Study tab.

Export hydro projects CSV
> Process hydro projects CSV file

4 Partition alternatives properties

. Delete sites

- Manage partition alternatives
T

When importing the CSV file, the hydraulic head creation window will be filled
with the information available in the CSV. After pressing OK, HERA will start
executing the simulation of all visible projects on the table. The same option is available on
Process hydro projects CSV file in the Study tab.

=] 1mport csv
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4.3 Engineering templates and layouts

As previously described, the cost estimates are obtained from the investigation of several
engineering designs. This simulation can be made for one specific project, the complete group
of site alternatives, or even for all the sites simultaneously, by checking the option Calculate
projects cost in the hydraulic head creation window.

& Another way to analyze design alternatives of each site is using the Engineering tool. By
selecting this option, select any location (yellow dot) on the map, right-click on Build

Engineering Models and open the following dialog box.

Build engineering models »

Delete engineering models

B " Build engineering models

-
Excel files folder |

Generate Excel files

or

Engineering model properties
Export Revit C5Y

Build only the visible project [

Engineering template |.-5.II

Engineering layout |.-5.II

o]

In this screen it is possible to generate all worksheets used by HERA workflow to size the
engineering structures, as well as to calculate volumes and costs, for the head alternatives of a
candidate site. It is also possible to restrict the simulation exclusively to a specific head
alternative by selecting the corresponding reservoir on the interface map and marking Build
only the visible project.

Cancel |

If some projects had already been simulated, their budgets will be recalculated (updated) after
pressing OK click. Another exclusive option of this screen is the selection of a specific design
from the available in the fields identified by Engineering template and Engineering layout. The
templates are related to a set of structures (types of embankments, spillways, etc.), while the
layouts refer to the relative position of these structures along the dam axis or, in case of diversion
schemes, to the riverbank where the conveyance system will be built. The complete list of
template and layout combinations is available in Annex A (Engineering module plugin).

Annex A further details the Excel worksheets of the engineering module, including variables
coding criteria.

B Build engineering models

Generate Excel files r
Excel files folder |

o
@
i1

8" Build engineering models

Build only the visible project

[
Al
PhBulb HsComp DmConc SpChas DvRbed
PhBulb HsComp DmEart SpCbas DvRbed
PhBulb HsComp DmRock SpChas DvRbed

-
Excel files folder |

Generate Excel files

Engineering template

o
@
i

-

Engineering layout
Build only the visible project [

Engineering template

PhFrhz HsChnl DmConc SpUbas DvGall
PhFrhz HsChnl DmEart SpUbas DvGall

PhFrhz HsChnl DmRock SpUbas DvGall
PhFrhz HsTunl DmConc SpCjmp DwTunl
PhFrhz HsTunl DmConc SpCjmp DvGall
PhFrhz HeTunl DmConc SpUbas DwTunl

Engineering layout

|PhBuIb HsComp DmConc SpChas DvRbed j

[ Al

All
FtRbedlcfd SpLbed InLspw
FtRbedLcfd SpRbed InRspw

-
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It is possible to use filters to discard projects with components that do not make sense for certain
project conditions. For example, powerhouse solutions with Pelton turbines are not evaluated
in low-head alternatives. Similarly, Bulb turbines are ignored for higher heads. With specialized
knowledge, these filters can be manipulated in a specific spreadsheet located in the installation
folder: C:\PSR\Hera\plugins\HydroPlantsCost\xIs\hera_filter xlsx (see more in Annex A).

Among the feasible solutions, HERA will naturally select the lowest index cost one. If another
specific design is not selected, this will be the alternative to be considered by the optimization
model, and hence the one presented not only in the site property table (in Properties, as
described above) but also in HERA main screen map by a schematic drawing. This sketch
includes definitive and temporary structures as well as approximate channel alignments.

In the case shown above, the template chosen for a 29 meter head alternative (U29D0) was
PhKaps HsComp DmRock SpCbas DvRbed (powerhouse with Kaplan concrete turbine,
compact hydraulic system, rockfill dam, controlled spillway with stilling basin and riverbed
diversion without sluiceways), combined with the layout FtRbedLcfd SpLbed InLspw (plant at
the foot of the dam, riverbed diversion with longitudinal cofferdam, spillway in the riverbed, to
the left of the stream, and intake to the left of the spillway).

This information about the selected arrangement can be obtained at Engineering Models
Properties > General.

Build engineering models ¥ Engineering model properties X
Delete engineering models Gereral I spibvay |
Engineering model properties
Template |PhKapc HsComp DmRock SpCbas DvRbed
Export Revit CSV
layout  |FtRbedLcfd Splbed InLspw

Hydropower plant with a foot of the dam layout with rockfill dam,
controlled spillway with stiling basin on the left side of the riverbed, a
compact hydraulic system with a concrete kaplan powerhouse placed on
the left side of the spillway and a riverbed diversion scheme with a
longitudinal cofferdam without sluiceways

Create quantitative excel file |

Create cost excel file |
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In the previous screen, it is possible to generate and save the civil volumes and cost spreadsheets
of the selected alternative using the buttons just below the description of the engineering design.
It should be noted that part of the quantity calculations, specifically those that can be done by
numerical integration, such as the ones done for dams and channels, are performed within
HERA workflow. The quantity spreadsheet shows the calculations of the hydraulic structures
that are not defined by the model and consolidates the information that serves as the input data
for the budget spreadsheet.

As mentioned before, another way to generate spreadsheets, including sizing ones, is to check
the Generate Excel files option on the Building engineering models screen, as shown below, for
the desired hydraulic head alternatives (all or only the one that is visible in HERA’s interface),
and the engineering design alternatives (all of them or some specific combination of template
and layout). In this case, select a destination folder to save the files.

¥ Build engineering models X

Generate Excel files [v
Excel files folder |C:y'Documen15/PSRﬂ-IERA_F3 Browse

Build only the visible project ™

Engineering template |AII L‘
=l

ok Cancel |

Engineering layout IAII

The files generated by HERA are Excel spreadsheets. They are named according to the simulated
template and layout types as outlined in green in the example below. At the end of the file name,
as highlighted in red, HERA identifies the type of structure whose characteristics can be verified
in it. Filter files are always saved, including for the projects HERA has discarded, to become
easier to identify where the values exceeded the limits of the acceptable range of characteristics.

E@ site(85)_plant(s85p552)_template(KASTEEL _DAM3 SP3 DIV1) lavout(FtRbnkDsch SoLbnk InRbnk SoCht DivTun)fhera_dams-iodam3

The sample file above shows the results of a concrete dam sizing. When opening the file, notice
the "iodam3" tab, with variables related to a rockfill dam. In this case, the values inside the tabs
"iodam2" (earthfill dam) and "iodam1" (concrete dam) can be ignored. To visualize the values
related to the earthfill dam, for example, generate all files of a template that has this type of
structure.

As shown below, it is important to note that concerning the spillway, three different files were
created for the its design.

:= site(75)_plant(s75p469)_template(FVTUN_DAM2_SP4_DIV1)_layout(DtRbnkDsch_Tun_SpCBed_DivTun) hera_spillway-iogeom
ﬁ}{ site(75)_plant(s75p469)_template(FVTUN_DAMZ2_SP4_DIV1)_layout(DtRbnkDsch_Tun_SpCBed_DivTun} hera_spillway-iosb
ﬂ} site(75)_plant(s75p469)_template(FVTUN_DAMZ_SP4_DIV1)_layout(DtRbnkDsch_Tun_SpCBed_DivTun) hera_spillway-iosp4
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In the file "... hera_spillway_iosp ...", which performs initial sizing of this structure, the tab to
be verified depends on the type of the selected spillway (in the example, iosp4 corresponds to a
uncontrolled spillway with dissipation basin). If the template includes this type of dissipation,
which requires a specific iterative calculation procedure, its characteristics must be checked in
the "iosb" tab of the "... hera_spillway_iosb" file. The ogee geometry of any spillway, in turn, is
defined in the "logeom" tab of the file "... hera_spillway_iogeom".

For output variables common to at least two of these files, according to the table below, the
values defined are always placed in this order: "iogeom", "iosb" and "iosp4" (or any other
dimensioning tab corresponding to the kind of spillway under study: iosp1, iosp2 or iosp3). This
happens because the last step for these structures in HERA workflow is the design of the ogee
geometry which adjusts the dimensions defined in previous steps. Likewise, the dissipation
basin calculations made in the “iosb” spreadsheet replace the preliminary sizing of the “iosp4”
spreadsheet. The following table shows an example of output variables calculated in “iosp4”
and, after, adjusted by “iosb” and “iogeom” tabs.

IOEEOT il iospd
~QuUT =~CIT =ouT
sp¥_geom 000s_1 0.75 spw_edis =ill el TElA m spw_dims_head_h 100 m
spw_geom_00fs_1 o spw_edis totl L Z?;l] ap_ogee pils B 2
spv_geom xlul e -0.56 spw_dims_frou w i 16 m
spw_geom_x0dl_c 308 [5pw_edis_curv r THm)| spw_scrc_totl w 95.35 m
spv_geom x0d2 e 10.40 g edis Tocl W 90,00 m
spw_geom_x(d3_c 11.63 spw_chan_appr_el TEL0 m
spv_geom cila_k .56 SpM_oges_gate_n LoD
spw_geom_cilb_k 0.33 BpW_Oges_gate_w 008
*‘w—‘”ﬁ:_ct ::H_k &m apw oges 3ill el TTL00 m
IE‘F"" stre totl 1 35"}5"" L’P"‘ edis =ill el .‘-‘ﬁmml
spw_edis_fpdn el 759.40m spw_edis wall el  TESS6m
np:.-_ch.t.':-rrn'__-.-'. 76254 m
spw_oges_=ill 1 B43 m
loow edis zozi i 05 m)
spw_geom_O00a 1 07
spu atrc Tocl 1 29,00 m
Spu edis ourw ¥ L 55 m
res max0 max0 wl 770 m
apu_dims dach_k 18

In Engineering Models Properties > Spillway HERA shows a simplified representation of the
spillway section. It is used by in the calculation of concrete and excavation volumes.

300 —
295}
290} N
285} N
280f 0 N
275} NN
270} O

265 - - : : -
=20 0 20 40 60 80 100
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From this moment, it is possible to interact with the schematic drawing of the project on the
map to show or hide structures or their axes from the options available in the menu on the left.

&V Inflow points
& O Sites

Substructures areas
&[] Main dam (concrete)
|| Dam (assembly area)
© || Owision wall
& [l Moin dom (rockin

& [l Main dam (earthitn)

& [l €arth rock transition

& [ Transition wall

© [l vpstresm cofferdom

@ [l Upstresm cofferdom 2nd phase

& [l Downstream cofferdam

& [l Downstream cofferdam 2nd phase
) [ Longitudinal upstream cofferdam
) [ Longitudinal downstream cofferdam|
&1 [ spiway

@[] waterintake

& [ Penstock

& [ Power house
)| | Assembly ares

In the Engineering Tool it is also possible to delete the constructed models (Delete engineering
models) and to export the necessary information to model the structures in REVIT (Export
Revit CSV) - see Chapter 7.

Build engineering models
—» Delete engineering models
Engineering model properties

——» Export Revit C5V

Another tool available in HERA’s main toolbar that can assist in the analyses of the

% engineering designs is the Axis profile tool. With this tool, it is possible to visualize a
chart with three lines along the axes of the structures and channels: the dam’s crest

elevation (the dashed blue one), the terrain level (in red) and the top of the rock layer (in gray).

In the following example, the section under analysis, in yellow, corresponds to the segment of
the concrete dam in the riverbed. The section to the side shows the horizons of soil and rock in
relation to the crest of the dam. The average thicknesses of the soil layer are informed in the
Properties table.

________________________________________ top elpv
730 |
720 4 Geology
.-E.. 710 4 Soil thickness:
- Riverbed (m) I 0.00
s
700 A Right bark (m) | 2.00
] Leftbank (m) | 5.00
“ 630
°5 \j
670 -
T T T T T
0 20 40 60 80

Distance (m)
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The engineering characteristics of the alternatives studied can be exported by generating a
".CSV" extension file in the main menu under Engineering > Export Engineering Variables
while selecting a folder to save it. In this same screen, it is possible to obtain both quantitative
and cost worksheets for further comparison. Some filters can be used to select which projects
that should be saved: the set of plants of a known partition, the set of plants showed in HERA
map or only the plants with a budget successfully calculated.

File View Project Study Environment | Engineering Partition Analysis O

E E E W @ =) ¢ Export engineering data files
DEE @b W
r T

Edit Budget Parameters

B " Export engineering data files bt

Destiny folder | Browse

Engineering variables CSV file [+
Quantitative worksheets 7

Cost worksheets I

Filters

Only projects in partition | —————— j
Only visible projects I

Only projects with budget [

Ck Cancel |
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5 OPTIMIZATION

5.1 Creating constraints for optimization

Selecti 43 ‘ . . . . .. .

i l— A simulating candidate sites, it is possible to define
Inventory Restrictions  » +#  (Qptional Construction L. . . .
Propertis Existing Hydro Plant restrictions for the inventory studies. Enable the Site
Define hydro projects Rt CenshTeion manipulation tool and right click on the desired site.

Set river transfer inflows [Fariifi ta SOnEE LT

Generally, candidate sites are considered optional construction, that is, the optimization

module will select the candidates that maximize the net revenue from electricity sales, under the
provided environmental and social constraints.

If there is an existing plant, it will be possible to select the corresponding option, but it will be
only available if the site has only one simulated project (reservoir).

It is also possible to force the construction of a project (e.g. if the decision for developing it has
already been made) or cancel it.

The socio-environmental constraints can be configured with the Case settings tool.

The Attribute sum constraints can be applied to the reservoir metrics that are cumulative, that
is, the total value of a head partition is the sum of metric’s values of each reservoir included in
that partition. This type of constraint is generally applied to the metrics measured in area or
length units, and to the metric related to population relocation.

In the example case, constraints prevent reservoirs from being built in areas covered by
Paramos, dry forest and protected areas. All candidates that impact those areas will therefore be
discarded for optimization.

A constraint was added to limit the length of roads flooded by the reservoirs to 50 km at most.

B | Settings ? X
. Optlmlz_ir - Project attribute| Lenaht of affected roads (km) -]
Adttribute sum constraints Restriction type\ <= = ‘ Add restriction
Connected streams constraints
) ; X Bound \SU
Satisfaction constraints
=~ Social and Environmental Costs Active | Project attribute | Restriction type ‘ Buund‘
Natural river barriers _
Reservoir metrics costs v ‘Affected area covered by Paramos (km2) j |<: j 0.0 e
[v ‘ Dry forest affected (km2) j | <= j 00 ©
[v ‘ Protected areas affected (km2) j |<: ﬂ 0.0 :@
v ‘ Lenght of affected roads (km) ﬂ |<: j 50.0 é,“
Ok Cancel
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In HERA, mathematical modeling was extended to define constraints of this type, considering
that if a hydroelectric plant is built in a river stem, all upstream stretches are fragmented. Thus,
migratory fish from the mouth would be able to swim freely to the plant, but not upstream of
it. These "topological" constraints are switched on / off with logical variables related, of course,
to the binary variables that control the construction of candidate projects.

The Connected stream constraints option allows the user to calculate the total length of rivers left
“free of dams”. The following picture illustrates two alternatives of hydropower development
in a basin, with similar capacity, but with different river fragmentation.

Reference Scenario A: Scenario B:
scenario Greater Smaller
fragmentation fragmentation
Fa
A
A A
{
A a A

S\ o Longest Connected Network A Candidate projects

Reference scenario and two others of hydroelectric development with similar generation, but different
levels of fragmentation: scenario B is less fragmented than A. Source: The Power of Rivers''.

Note that the connectivity (or its contrary, fragmentation) is a metric valid for partition
alternatives (sets of candidate hydro plants, or in other words, different scenarios of hydropower
development). Hydro plants in an alternative change the connectivity metric.

In our example case, the Saldafa river is a tributary of the Magdalena river, which flows to the
ocean. In that case, it is necessary to inform the coordinates at that mouth of the Saldana river.
The best way to get the coordinates is to create a temporary candidate site at the river mouth
just to get more accurate values for x and y. If you want to restrict the river fragmentation, you
can specify a bound, so that river connectivity will be equal or larger than the informed bound.

B | Settings ? x

= Optimizer
Attribute sum constraints
Connected streams constraints
Satisfaction constraints

= Social and Environmental Costs
Natural river barriers Active ‘ Name Coord. X Coord. Y Bound (km) ‘ |
Reservoir metrics costs

Name |saldana river mouth
Coord. X [513399.03

Coord. ¥  [441343.51

Bound (km)\0.0

Add restriction ‘

1 v ;Saldana river mouth 513399.03| 441343.51 0.0 .é\‘

To complement the database required for the fragmentation study, the natural barriers in the
basin, such as waterfalls, should be informed. This type of information is inserted as a

11 Opperman, J., G. Grill and J. Hartmann, The Power of Rivers: Finding balance between energy and conservation
in hydropower development. 2015. The Nature Conservancy: Washington, D.C.
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geographic layer through the Create User Layer option. It should have a shapefile of points
representing waterfalls (these points must intercept the drainage network). After creating the
layer, select it from the window below by moving the layer of interest from left to right.

© Settings ? X

~ Optimizer

Attribute sum constraints Unselected Selected

Connected streams constraints Waterfalls
Satisfaction constraints

~ Social and Environmental Costs
Natural river barriers

Layers of natural barriers

Besides “additive” and “topological” constraints, HERA was extended to model a satisfaction
function of established metrics. The logic is that a metric is evaluated with this function, with
values ranging from 1 (full satisfaction) to 0 (no satisfaction). Suppose a biome, in which the
maximum acceptable area that could be impacted by reservoirs (4,) is known. In addition,
suppose that 4;is a threshold area for reservoir interference without bringing any threat to the
biome. If the impact of the dams and reservoirs on this biome is below 4 the satisfaction
function assumes the unit value. If the impact is between 4;and Z], satisfaction decreases from
1 to 0. For impacted areas higher than 4, the satisfaction function is null.

4 Satisfaction function (S;)

1

2

A

This approach allows optimization with a set of minimum satisfaction constraints.
Alternatively, more broadly, it is possible to assemble a constraint that combines the satisfaction
of a weighted average satisfaction with A the minimum satisfaction, weighted (1-A). More
specifically, the constraint takes the form:

A.Savg + (1-1).Smin > S*, where:
Smin = min {S1, $2, Sjy ..., Sj}
Savg=(W1.S1+wW2. 824w .S+ ... +w.5) /]

At the top of the dialog box, the values of a satisfaction bound (5*) and the relative weight of
the average value (A) should be reported. In the lower part, on the other hand, the specific
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constraints of each reservoir metric created for the project, the minimum and maximum
acceptable values, and the weight attributed specifically to the metric (w) must be given.

© Settings ? X

" P
Optimizer Satisfaction bound [0.0 ‘

Attribute sum constraints

Connected streams constraints Lanbda ‘O'O ‘
Satisfaction constraints Project attribute Affected area covered by Paramos (km2)
i i Lower bound (0.0

Vv Sodial and Environmental Costs ° T —
Natural river barriers Higher bound 0.0
Reservoir metrics costs Weight 1.0

Active  Project attribute  Lower bound Higher bound  Weight

All types of constraints are written in files to the optimizer.

5.2 Running the optimization process

Oy e HE T To run the optimization process, go to Optimization tab and

| Optimize partition alternative choose Optimize partition alternative.

Import optimizer results

In the General tab of the Optimization window, browse to the folder where the files will be
written. Next, name the partition that will be created.

I Optimization 7 ) W1 Optimization 7% 57 Optimization 7 ox

General  Parameters | Scenarios | Genaral | Parametsrs  Seenarios

General | Parameters Scenarios | of scanarios

Plant useful life {ysars) [ Scenarios:

§ Vear | Probabiity (012 1)
Start month (v} oirsss
1 |w‘:‘a 0259 e
Destiny folder Browse P month (o) s o Joan =
Rt coomegoncs e %) B0 sl o )
aimss o e
Energy peice (§/MWh) 500
Partition name to be created sloca Joonr &
Annual discount rate (%) [do
Minimam total outflew penalty ($ihms3) [1000.0

The Parameters tab has several economic inputs, such as the price paid to the hydropower
production. It is generally related to the long-term marginal cost of electricity in the market.

The annuity is the capital cost of a plant (CAPEX) distributed in equal payments, made in equal
time steps during the useful life (n) of the power plants, as illustrated in the following picture.
The discount rate (r) refers to the interest rate used in discounted cash flow analysis to
determine the present value of future cash flows. Annuity is given by:

r -CAPEX - (1 +1)"
A+n-A-AO+nm

Annuity =

CAPEX

!

n =50 years

N —
w o—
A o—

54



HERA’s objective function is to maximize the economic benefit of the portfolio of selected
projects given by the net difference between energy sales revenues and construction and
operative costs!? subject to physical constraints, such as the water balance in each dam, and
environmental constraints, such as maximum flooded area. The relative convergence tolerance
(%) is the error gap, a measure of the convergence to the optimum solution, that is, how far the
solution is from the optimum. The minimum total outflow penalty is the penalty “paid” for not
meeting the ecological flows constraints.

Inflow variability is also considered in the problem through future inflow scenarios based on
the historical records. In the Scenarios tab, it is necessary to indicate the desired number of
scenarios, that will be based on defined years from the historical record, and a correspondent
probability.

When done filling all tabs, click on ' optimizer fiie generation X

Generate Optlmlzer ﬁles to write the ﬁ-les Case folder deaned/created: D:/Taina/gis/GIS_PROJETOS/saldana/hera/optimization 4 |

. . . . . WARNING: Ignoring project s44p336(336) at site (44): invalid cost
without running the optimization or  ikwile lenesmes a7 e () el o
click Execute optimizer to run it ARG leing poed oot e (1) it o
immediately. When the optimizer starts |lARAS o oss Siisa0ed) o fe G ekd ot
running, a log window appears. As seen, QEEE%EE ;23{;23 m}% iggﬂ%ggg% ZE i:? Eﬁ ;mi;g §8§E
all projects that did not have their VAUDIS Kyt it it o, o
budgets calculated are ignored. WARNING. Tomoring SHe'51 (ol vy - (o) mald cost
WARNING: Ignoring project s93p490(490) at site (93): invalid cost
WARNING: Ignoring project s93p491(491) at site (93): invalid cost

The optimum selected pOI‘thliO 1S | WARNING: Ignaring project s93p492(492) at site (93): invalid cost
WARNING: Ignoring project s93p493(493) at site (93): invalid cost

)
)
3 M WARNING: Ignoring project s94p500(500) at site (94): invalid cost
written 1 a ﬁle named OutpdeC.CSV. WARNING: Ignoring project s95p501(501) at site (95): invalid cost
. . . . WARNING: Ignoring project s95p507(507) at site (95): invalid cost
Intermediate solutions are written In  |warnine: Ignoring project s98p541(541) at site Site 98(98): invalid cost
. Optimizer files generated successfully
fﬂes Wlth the Characters ( Y2099f) after Reading file: D:/Taina/gis/GIS_PROJETOS/saldana/herafoptimization\outpdec.csv

Created new partition Alternativel

the outpdec prefix in their name. In the | ~

example case, seventeen intermediate
solutions were generated.

5.3 Visualization and comparison of head partition alternatives

It is possible to import the optimizer output files (outpdec.csv), at Optimization > Import
Optimizer Results and select the outpdec.csv files containing the selected projects.

of The Manage partition alternatives tool lets the user edit and save head partition

alternatives. When creating a new alternative, the head partition will be formed by the

set of reservoirs that are visible in HERA’s graphic interface. In the following window is possible
to view and rename the head partition alternatives.

12 Tn a simplified form:
Annual gross revenue = Annual generation (MWh) = Energy price (USD/MWh)

Annual net revenue = Annual gross revenue — Annuity
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[ partition alternatives

D Name

i

2 |4 outpdec_y2099f1
? 13 outpdec y2099f10
4_ 14 outpdec_y2099f11
5_ 15 outpdec_y2099f12
67 16 outpdec y2099f13
T 17 outpdec_y2099f14
: 18 outpdec_y2099f15
97 19 outpdec y2099f16

To manually create a partition, turn on the reservoirs that will be part of the portfolio, open the
Manage partition alternatives and click Create new partition from map. To change the
partition being presented in the map, click Load partition to map. To edit an existing partition,
turn on the projects that will be part of the portfolio, open the Manage partition alternatives
and click on Save map to partition. Finally, copy and/or delete existing partitions with the last

two buttons.

In the example case, the Selected portfolio partition was copied and named P18 manual. In this

|

Load partition to map

Save map to partition

Create partition copy
Delete partition

=

partition site 94 was removed to compare metrics.

The Partition Alternatives Properties compares attributes of interest for different
alternatives, such as the installed capacity or the total investment cost, in addition to

the metrics defined for the reservoirs.

B Partition altermatives properties

P7

(8] Partition alternatives

2

B

4 |

?15 P12
6 |

B

s |

5 |

P1

13 P10

14 P11

16 P13

17 P14

18 P15

19 P16

P P10

Load partition to map

Save map to partition

Create partition copy
Delete partition

hd

X

Partition property [ selected portfolio ‘ P1 | P2 ‘ Pl | P4 ‘ P5 PG P8 P11 | P12 ‘ P13 | P14 ‘ P15 | P16 ‘ P17 | P18 manual
jNumhsr of projects 1900 2000 2000 2100 2100 21.00 2100 1900 1900 1900/ 1900 1900 1900 1900 1900 1900 19.00 1900 18,00
2 |Power (MwW) 1589.61 1459.44|1490.95 1531.51 153275 1558.07 1555.23 1486.68 1662.90 1514.60 1535.02 1543.54| 1688.70 1558.29| 156541 1569.24 1584.65 1589.61 1357.75
Ttmf (MM ) 1973.48 1963.52| 196291 2022.67 2006.72 2044.02 2023.55 188681 2545.30 1899.311929.56 1930.13|2439.02 1925.34|1932.17 1939.30 1975.19 1973.48 1685.66
d_\ndpx cost ($/kW) 1241.49 1345.391216.55 1320.70 1309.22 1311.90 1301.13 1269.15 1530.69 125400 1257.02 1250.46 144432 1235.55(1234 29 123582 124645 1241.49 124151
S_F-lmmdpd area (km2) 7479 7275 7231 7316 7290 7321 7290 6465 5983 5998 6940 5444 7084 5746 5765 5769 7485 7479 2729
h_Rpwrvmun\ump {hms3) 137897 1864.26/1835.66 1898.50 1893.08 1901.68 1893.08 1577.84 1172.88 114631 1644.37 1215.92 1253.22 1275.99|1288.46 1289.13 1380.80 1378.97 601.36
ﬂ_A—'lmpd area of Indigenous lands 046 025 025 025 025 025 025 011 028 035 033 033 046 040 040 040 046 046 0.25
8 |Forest area affected (km2) 000 000 000 000 000 D000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
'J_A—'lmpd area covered by Paramos 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
10 | Dry forest affectad (km2) 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Ti‘rmsc\eﬁ areas affected (km2) 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
:F’cpu\mion affected (Number of pe... 27431 27523 27523 27523 27523 27523 27523 27523 26653 26653 27523 279.65 27431 27965 279.65 27965 27431 27431 169
:t oncession areas affected (km2) 2224 048 048 048 048 048 048 006 1333 1373) 148 144 2224 305 305 305 2224 2224 041
:nght of affected roads (km) 4991 4951 4951 4802 4802 4802 4802 4418 4872 4925 4912 4550 4791 4B9S| 4941 4941 4991 4991 2261
:Snldana river mouth cannected str.. 42142 42142 42142 42142 42142 42142 42142 42612 42142 426.12| 42142 42142) 42142 42142 42142 42142 42142 42142 421.42

ok

These two tools can also be accessed in the main menu bar, in Study, as indicated below.
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Study

Z\. Process hydro projects

Engineering

PSR

Export hydro projects CSV

Process hydre projects CSV file
Partition alternatives properties

Delete sites
Manage partition alternatives

Partition Analysis Of It is possible to create a complete web viewer with hydropower

Zeaecniiearie® development partitions (or scenarios) can be loaded.

Open viewer

On the Edit Metrics tab, edit the label that will be visible on a parallel axis plot containing the

metrics, preferably using an abbreviation for its name. Select invert axis for the metrics with

lower values in the upper part of the plot (for example number of people affected, the smaller,

the better). It is also possible to edit the title, that will appear when placing the cursor on the

metric label. The Preselect option is used to configure which metrics are visible when the page

is opened. The metrics that are not checked will be available to be added in the viewer, with a

specific button. Group colors can be selected for the metrics’ labels or edit the group’s name.

Finally, edit a description for each metric.

B! Edit Partition Files

Edit Metrics | Edit Layers |

Label

D
Power
CAPEX
|_cost
Res_area
Res_vol

Ind_area

m‘u‘m‘m‘&‘m‘m o

For_area

9 |Paramos

10 | Dry_for

11 |Cons_area
12 |Pop_affect
13 |Cons_area
14 |Roads_affect

15 | Connectivity

Invert axis

o< o9 o< % oW oo oo

Title
Alternative 1D
Power (MW)
CAPEX (MM USD)
Index cost (USD/kW)
Flooded area (km2)
Reservoir valume (hm3)
Affected area of Indigenous lands (km2)
Forest area affected (km2)
Affected area covered by Paramos (kmz2)
Dry forest affected (km2)
Protected areas affected (km2)
Population affected (Number of people)
Concession areas affected (km2)
Lenght of affected roads (km)

Connected streams (km)

‘ Preselect | Group color |

i I B Y AV R

<7707

<0<

Group name
D
Energy
Economy
Economy
Environmental
Energy
Environmental
Environmental
Environmental
Environmental
Environmental
Sodial
Environmental
Environmental

Environmental

Description
Alternative 1D
Installed capacity (MW)
Total capital expenditure (MM USD)
Index cost (USD/kW)
Reservoir flooded area (km2)
Reservoir total volume (hm3)
Affected area of Indigenous lands (km2)
Forest area affected (km2)

Affected area covered by Paramos (km2)

Dry forest affected (km2)

Protected areas affected (km2)
Population affected (Number of people)
Concession areas affected (km2)

Lenght of affected roads (km)

Connected streams until the mouth of the.

Select folder to export |

Browse
Ok Cancel

In the Edit Layers tab, the user can configure the label, color, and opacity of all the user layers

in the case.
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[ Edit Partition Files X

Edit Metrics Edit Layers

File name Label Fill color | Fill opacity | Outline color | Weight
1 |others/Layer1.zip |Indigenous lands - 0.5 _l @
2 |others/Layer2.zip |Forest reserve - 0.5 _I @
3 |others/Layer3.zip Paramos - 0.5 _I @
4 |others/Layerd.zip  Dry forest - 0.5 _l @
5 |others/Layer5.zip |Protected areas - 0.5 _l @
6 |others/Layer6.zip | Transmission line J - @
7 |others/Layer7.zip |Geology _I 0.0 _I @
8 |others/Layer8.zip |Population - 0.5 _I @
9 |others/Layer3.zip |Concession areas J 0.5 _l @
10 |others/Layer10.zip| Roads - - @
11 |network.zip River network - 0.9 - 07 @
12 |sites.zip Sites J _I @
13 |dam.zip Dam - - @
14 |terrain.zip Basin area J 0.0 - 15 @
15 |reservoir.zip Reservoir - 0.6 _l @
Select folder to export |D:/T aina/gis/GIS_PROJETOS/saldana/hera/viewer Browse

Ok Cancel

After finishing the configurations, select a folder to export the viewer files, and click OK. Then,
click in Partition analysis > Open viewer. Select the folder with the viewer files, click OK, Open
viewer server, and the viewer will automatically open in the browser.

9 Reservoirs map

=71

en-US.LabelReservoir 298 *
Area (km2) 0,1

v =
® World Topo = 'r

VV | BaseLayer

¥ Indigenous lands

en-US.LabelReservoir 209
Area (km2) 02
en-US.LabelReservoir 300 ¥ Forest reserve

Area (km2): 04

¥ Paramos

| @ Dry forest < |

Area (km2): ot Y 4
en-US.LabelReservoir 308 ~ \ Leaflet | Map data ® OpenStreathiap contnbutors
[l Chart B8 Table = Metrics & Clear Selections = Showing 19 of 19 entries
Roads_affect Connectivity
426,0,
4255
N 7 o
/4245
(/4240
I\, 4235
/ \423,0-
325
— 422

Developed by PSR - 2020 - www.psr-inc.com
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6 ENVIRONMENTAL IMPACTS ANALYSIS

Inventory Studies and Integrated Environmental Assessments (IEA) have the combined
objective of analyzing river basins, with complementary objectives. While Inventory Studies
focus on comparing and selecting options for harnessing the hydroelectric potential of river
basins, the IEA evaluates the capacity of natural and human environments to host the selected
group of hydropower projects.

The IEA results are meant to be discussed by stakeholders when deciding for the best alternative.
Guidelines and recommendations become inputs to the feasibility studies and the
environmental licensing process. Additional objectives include:

e Sustainability indicators for the river basin, focusing on water resources & hydropower.

e Identification of fragile areas and socioeconomic potentialities that could be leveraged
by the construction of hydropower projects.

e Identification of conflicts over different uses of land and water resources within the
river basin.

HERA’s environmental plugin provides access to the IEA methodology'® in the context of
hydropower planning. The IEA is quite flexible because it needs to adapt to different regions
and analysis criteria. For this reason, HERA’s IEA plug-in provides algorithms for generating
environmental impact maps that are decoupled from HERA’s “core” functionality and
database. These algorithms act on external, user-provided maps in shapefile (.shp) and raster
(.tif) formats. It is up to the user to organize and name the various intermediate files produced
by the algorithms. At the end of the process, environmental impact maps are added to HERA
as new layers of information. The calculation of impact metrics from these layers follows the
same procedure as any other user-provided layer.

6.1 Integrated Environmental Assessment

As proposed by the methodology, promising selected hydropower alternatives (scenarios) can
be evaluated to highlight the cumulative and synergistic impacts caused by the set of plants. The
analysis of the environmental system requires the consideration of its physical-biotic, social,
cultural, economic, and political processes, as well as its interrelations (including geographical),
which require a multidisciplinary approach.

To represent this system, an analytical structure based on three components was adopted, here
called “synthesis components”: Aquatic Ecosystems / water resources, Terrestrial Ecosystems,
and Socio-Economy (ways of life, spatial organization, economy, and traditional populations).
These components are structured based on relationships between various elements of the
environmental system. These maps should be prepared by a team of consultants in a shapefile
format (*.shp) and imported to HERA’s database.

13 http://www.epe.gov.br/pt/publicacoes-dados-abertos/publicacoes/avaliacao-ambiental-integrada-aai
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Synthesis

Components
Aquatic Terrestrial .
Ecosystems and Socio Economy
Ecosystems

water resources

The environmental sensitivity maps are presented with the purpose of identifying and
spatializing the most sensitive areas of the hydrographic basin, in order to express the degree of
integrity of natural resources, the qualitative aspects of the landscape and the different
socioeconomic situations in different degrees of sensitivity.

The IEA module provides flexibility for weighting the sensitivity indicators and obtaining
results almost instantaneously, which greatly facilitates discussions by the various stakeholders.

IEA also identifies socio-environmental impacts of hydropower development scenarios. These
impacts are used to compare and select the scenarios. They highlight the main socio-
environmental issues related to the development of the projects through indicators of the
synthesis component. The methodology proposes: (a) the identification of impacts; (b) their
intensity (or weight) and (c) spatial scope, with emphasis on cumulative and synergistic effects.

The classification and weighting of impacts and their spatial scope allow the elaboration of maps
of these impact indicators and the definition of most fragile regions for hydro development.

These matrices are part of the impact module and allow the user to identify the impacts, their
intensity and coverage area. Any changes in the graduation or weighting of impacts can be made
directly in the impact matrix. HERA module will consider changes when producing impact and
environmental fragility maps.

At the end of the process, the environmental impacts and fragility maps, built taking into
consideration the construction of the plants, can be imported into the Hera database in the form
of "user layers" and then used in the calculation of impact metrics.

The first step in the development of the IEA is the generation of environmental sensitivity maps
from the databases and maps obtained in the diagnostic phase. This diagnosis is focused on
three discussed synthesis components: (i) water resources and aquatic ecosystems (ii) terrestrial
and physical ecosystems, (iii) and socio-economy. The variables and mappings that make up
each of these sensitivity maps must be prepared and imported to HERA in shape-file format.
For example, the water resources and aquatic ecosystems environmental sensitivity map can be
built by spatially weighting the map layers of water quality indicators and aquatic habitats or
ecosystems indicators. In this proposed methodology, this term is being used in order to identify
and spatialize the most sensitive areas of the hydrographic basin, in order to express the integrity
of natural resources, the qualitative aspects of the landscape and the different socioeconomic
situations in different degrees of sensitivity.

60



The IEA features a basic algorithm consists in spatial joining (union) a set of input thematic
map layers, each one representing an environmental sensitivity indicator, to produce a thematic
map layer as an output. As shown next, a different weight can be assigned to each input layer to
differentiate the relative importance of this layer to the result.

] Join layers |_|—J@ ot e
Shapefile Temp/AAASHP /AAI12e.shy|  Browse Attribute: |eduCluste « | = |
ayer
Weight 0.5
Shapefile Attribute  Weight

1 C/Temp/AAASHP/AAL/Leshp eduCluster 0.5 9

2 C/Temp/AAASHP/AAL12eshp eduCluster 0.5 9

Qutput shapefile  C:/Temp/AAASHP fAALfresult.shp

| OK. | | Cancel |

%

The resulting layers is a shapefile of polygons with an attribute called "total” with the sum VW,
+ VoWa + ... + VoW, where Vi is the value of the attribute in layer i and W; its weight. In areas
not covered by a given layer, the assumed value is equal to zero.

The next figure illustrates an example of joining two layers with a same weight (W1 =W, = 0.5).
The first layer, in blue, has two polygons with the values two and five. The second layer, in red,
has only one polygon with a value of three. The union of the two layers results in a layer with
five polygons, each one with a value given by the average of the corresponding value of the two
original layers. For regions where there is no value defined for one of the layers, the algorithm
assumes a value of zero.

v=2 V=5
V=3 i NN
: J L

1.0 2.5

D Layer 1, where W =0.5 2iiT 4.0
l:l Layer 2, where W = 0.5

1L

B Final layer (5 polygons)

Example of joining two simple layers.

The IEA HERA module allows the use of an unlimited number of thematic layers (maps), based
on the available georeferenced database, and elaborated in the diagnosis stage. Each sensitivity
map has an attribute that represents the degree of sensitivity of each geographical region covered
by the map, for example, areas with rapids have a high degree of relevance to the ichthyofauna,
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as well as areas of good water quality. The resulting map of the selected indicator for each
synthesis component is a combination of the degree of sensitivity of each thematic map,
considering the weights assigned to each of them.

6.2 Socio-environmental sensitivity maps composition

To illustrate, the composition of the sensitivity maps, the information and georeferenced data
for the Rio Branco basin were selected, which were the result of the last IEA report approved by

EPE - the Brazilian Energy Planning Agency. For this purpose, water quality and aquatic eco-
system mappings will be used.

File View Project Study Emveonment Emgineering Partition Amalysis Optienization Language Help
NN Al 0P x s rd B L@ ANORIL KA S

W @ Brazi Capitals
WV inflow points
© Sites
© Diversion restitution
= Doms
Diverted stream
@ - Drainage network
W — Hydrographic network
Reservoirs
© GE Sites
Aquatic hobitats
Water quolity

2 Brazil States

Rio Branco basin map

The first step consists in importing to HERA the water quality and aquatic ecosystems thematic
map layer, using the Create user layers feature as illustrated by the figure below:

|87 Hera - Dy/Projetos/PSR/HERA/Projetos-HERA/AAI/R
’?Ie View Project Study Environment Engineering
&' New Project Cul+N  f&5 9 ]
[ Open Project Ctrl+0
H Close Project

Import sites 7 User Layer X
Import inflow points

Import histerical flow series - .

e et T eies Shapefile Ensnb_quall_agua.shp Browse |
Create user layer Encoding IUTF-S Ll

Export user layer metrics

Layer name ]Water Quality Sensitivity
Import user layer metrics
& Export KML Ok Cancel |
£ 1? Export data files
& Exit
-
| 71 [
Import of the water quality thematic indicator map
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File View Project Study Environment Engineering Partition Analysis Optimization Language Help
FEE JQaQbh|(@8QA AP AP @ 7EH SR %X+

O 'V Inflow points

O O sites

O @ Diversion restitution
O == Dams

[m) Diverted stream

O == Drainage network

O — Hydrographic network
&0 Reservoirs
=0 Water Resources and Aquatic Ecosystems Sensitivity-30-70
=0 Water Resources and Aquatic Ecosystems Sensitivity-70-30
w-0 Aquatic Ecosystem Sensivity

& [Hl Water Quality Sensitivity

O (® Brazil Capitals

© [ | Brazil States

O © GESites
=0 Elevation map (m)

Water quality indicator map imported into the HERA environment

When importing a thematic map in HERA, the polygons that make up the map are initially
displayed in a single color. In thematic maps that represents a phenomenon as a scale of
numerical values, as is the case of sensitivity indicator maps, ideally a symbol that associates
each level of sensitivity to a color, in a color scale, should be used. This allows the visual analysis
of different levels of sensitivity areas. The symbology of a thematic map layer can be configured
by right-clicking on the layer and selecting the menu option Symbology from the context menu:

File View Project Study Environment Engineering Partition Analysis Optimization Language Help
FEE dQ & B9 K= PLYLAL@FHSR | %+~ B

O 'V inflow points

0 O sites 1 Hera ? X

O @ Diversion restitution

[ == Dams Graduated |

1 Diverted stream F | SENS_QA ~|

[ == Drainage network

00 — Hydrographic network Symbol Il change... ‘
30 Aeservoln *. Legend format [o1 - %2 [Preasionz =] I Trim
- [ Water Resources and Aquatic Ecosystems Sensitivity-30-70 y Legend form: . edsion 2 = m

Method [ color -

Color ramp I

Classes | Histogram

@ O Water Resources and Aquatic Ecosystems Sensitivity-70-30
# [ Aquatic Ecosystem Sensivity

=) Water Quality Sensitivity
O (®) Brazil Capitals Symbology
[4 | | Brazil States Properties

O o GESites Export shapefile
& [ Elevation map (m)

Symbol ‘ Values | Legend ‘ X
0.6000 - 1.0000 0.6000 - 1.0000
1.0000 - 1.4000 1.0000 - 1.4000
1.4000 - 1.8000 1.4000 - 1.8000
1.8000 - 2.2000 1.8000 - 2.2000
2.2000 - 26000 2.2000 - 2.6000
26000 - 3.0000 2.6000 - 3.0000
3.0000 - 3.4000 3.0000 - 3.4000
3.4000 - 3.8000 3.4000 - 3.8000
3.8000 - 4.2000 3.8000 - 4.2000
4.2000 - 4.6000 4.2000 - 4.6000

Mode [Equal Interval =] classes [10 =]

C pric Claes

r =
| Classify J J Delete All Advanced ~

[V Link class boundaries
Layer Rendering
ok Cancel /r‘-\.\‘

Definition of symbology, number of classes and grading of the water quality map

Remove

EEEEEEEEEE
EEEEEEEODOC
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File View Project Study Environment Engineering Partition Analysis Optimization Language Help

[l @ Diversion restitution
(] == Dams

[ --- Diverted stream

[] == Drainage network

[0 — Hydrographic network

B8 (] Water Quality Sensitivi
& || 0:6000 - 1.0000
&[] 1.0000 - 14000
2 [] 14000 - 1.8000
2 [] 18000 - 2.2000
2 [7] 2.2000 - 2.6000
& [l 26000 - 3.0000
2 [l 3.0000 - 3.4000
-2 [l 3.4000 - 3.8000
2 [l 3.:8000 - 4.2000
-2 [l 4.2000 - 4.6000

O (@ Brazil Capitals
o | Brazl states
O © GEsites

&0 Elevation map (m)

®-[] Reservoirs

@O Water and Aquatic ity-30-70
& O water and Aquatic ity-70-30
#- (1 Aguatic Ecosystem Sensivity

Higher sensitivity

IEEE deaabh @@ rxiedPrlpt@FH SR %A~
O W Inflow points
O Q sites

Water quality indicator map

The same steps should be followed when importing and configuring the symbology of the

thematic map layer that represents the aquatic ecosystems to produce the aquatic ecosystem

indicator map.

’T\e View Project Study Envir
I New Project
& Open Project
& Close Project
Import sites
Import inflow points
Import historical flow series
Export historical flow series

Export user layer metrics
Import user layer metrics

& Export KML
53 Export data files

& Exit

W Hera - D:/Projetos/PSR/HERA/Projetos-HERA/AAI/R

onment Engineering
Ctrl+N
Ctrl+0

Ctrl+L

-
| kil
1059
W 1524
W 872
W 2338

[ User Layer

h p 1 L PR e

X

,_aquaticos.shp]  Browse

Encoding  |UTF-8

=

Layer name |Aquatic Ecosystems Sensitivity

Import of the aquatic ecosystems’ thematic indicator map
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file View Project Study Environment Engineering Partition Analysis Optimization Language Help

B9 K RABLDL L @S L DRI X A0

=)
F]

V inflow points

O sites

@ Diversion restitution
Dams
Diverted stream

== Drainage network

— Hydrographic network

Water Quatity Sensitivity

88| Aquatic Ecosystem Sensivi

@[ Jo03-08
®@[Jos-12
@[J12-17
@E17-22
o[ 22-27
@73
A 3-36
[l 36-41
1 e
o [l as5-50
Brazil States
© Brazil Capitals
® GE sites
Elevation map (m)

esources and Aquatic Ecosystems Sensitivity-30-70
Water Resources and Aquatic Ecosystems Sensitlvity-70-30

Aquatic ecosystem indicator map

Once the thematic map layers have been imported into HERA, the next step consists in creating
the Water Resources and Aquatic Ecosystems (WREA) sensitivity map by spatial joining the

selected map layers, considering their respective weight. The first step to compose this map is

to perform the weighted spatial join of the water quality and aquatic ecosystems thematic map

layers, by using the Join layers feature, available from the IEA of the Environment menu. For

each selected input map layer, provide the weight (%), that the layer will have on the resulting

weighted map generated by HERA. In the example below, a weight of 70% was chosen for the

water quality indicator and 30% for aquatic ecosystems.

Weighted spatial join of the water quality and aquatic ecosystems thematic map layers

W1 Hera - Dy/Projetos/PSR/HERA/Projetos-HERA/AAI/Rio-Branco/Rio-Branco-Manual
File View Project Study | Envi Engir Partition Analysis O

R

4 (® Brazil Capitals
) W Inflow points

&1 Join layers
Shepefiiekensh_quali agusshy  Browse ] ribute] [SENS_Q =
. — somn | e |
SENSIEL_1
Shapefile Ennhulz Weight
Layer weight

Sensitivity attribute

oupur s [

T e

(7 Join layers

Shapefilelo_u_sensib_quali_agua.shp  Browse

X

Attribute: | SENSIBL > | o
ayer

Weight [30

Shapefile

Attribute | Weight

1|D:/ISA 1 - sensibilidade_recursos_hidricos/510_u_sensib_quali_agua.shp SENS_QA 70.0

2 |D:/ISA 1 - sensibilidade_recursos_hidricos/510_u_sensib_qguali_agua.shp | SENSIBILID 30.0

0 0

Output shapefile |Water Reseources and Aquatic Ecosystems Sensitivity 70-30
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B 1 Join layers ®

Importing shapefile: D:/ISA 1 -
Importing shapefile: D:/I154 2 - :_e
510_u_sensibilidade_ecossistemas_aquaticos.shp
Overlaying layers

Calculating weighted average

Layers joined with success

ilidade_recursos_hidricos/510_u_sensib_quali_agua.shp
dad i _aquaticos/

Weighted composition of the thematic indicator layers

Once the join process has finished, the WRAE sensibility indicator map layer needs to be im-
ported into HERA with the Create user layers feature. Afterwards, the map symbology can be
configured to represent the different sensitivity levels in a color ramp.

B Hera - Di/Projetos/PSR/HERA/Projetos-HERA/ARI/R
File View Project Study Environment Engineering
L' New Project N | 9 |
I Open Project Ctrl+Q
& Close Project

[0 User Layer X

Shapefile Iapa sintese/Aquatic-ecosystems-70-30.shp Browse

Encoding IUTF-s K

Import sites

Import inflow points.
Import historical flow series
Export historical flow series

Create user layer

Export user layer metrics

Import user layer metrics Layer name |Water Resources and Aquatic Ecosystems Sensitivity 70-30
ok Cancel |

& Export KML
% Export data files

& Exit

-
mm
1059
| RERZ
| RErE]
W28

Incorporation of the WRAE map

File View Project Study Environment Engineering Partition Analysis Optimization Language Help

SRR VxrxedPrdr@sGOR|V XA O

Diverted stream
= Drainage network
— Hydrographic nctwork
) Reservoirs
@ M Flooded area
2 [l Buffer
< O Wate

sources and Aquatic Ecosystems

@[ 9-51
B[ s1-93
@[ Je3-135

@@

@ [ 135-

2 [l 220-
2 [l 262-
o [l 204

177
220
262
304
46

30

Water Quality
Aquatic Ecosystem
2 [ Brazil States
® Brazil Capitals
® GE sites
Elevation map (m)

The tools and procedures available allow changing the variables grading and weighting of the
layers in an agile way, with automatic responses that facilitate meetings and discussions among
the various stakeholders as part of the approval of the inventory studies.

As an example, the following WRAE map was created with the same input layers, but different
weights (water quality indicator with 30% and ecosystems with 70%).
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" Join layers X

Shapaﬁ\ablﬂfufsansitlihdadefecnss\stemasiaquaticns.shp Browse ‘ Attribute: SENSIBfﬂ ol ‘
ayer
Weight |70
Shapefile ‘ Attribute ‘ Weight ‘ |
1|D:/ISA 1 - sensibilidade_recursos_hidricos/510_u_sensib_quali_agua.shp SENS_QA 300 Q

D:/1SA 2 - sensibilidade_ecossistemas_aquaticos/510_u_sensibilidade_ecossistemas_aquaticos.shp | SENSIB_IND 700 Q

Output shapefile |Water Resources and Aquatic Ecosystems Sensitivity 30-70 Browse

Change in weighting of water quality indicators and aquatic ecosystems

File View Project Study Environment Engineering Partition Analysis Optimization Language Help
EEE 8, @ Vs sl PRALP@ST OB I%NA B
oV

Res,
& [l Flooded area
@ [l 8utfer

L) Water Resources and Aguatic Ecosystems Sensitivity-30-70
@[ 121-66
@ [e6-1m
@ [m-1se

SAIEAY

S C

WRAE indicator map (30% water quality and 70% aquatic ecosystems)

6.3 Environment impact maps composition

The impact indicator is the instrument that guides the assessment of the negative
socioenvironmental effects of one or more power plants on a synthesis component, determining
the focus of the analysis. The impact indicator is constructed from the generic identification of
the main impacting processes, organizing the data in the form of assessment elements. These
keep correspondence with the elements arising from the diagnosis stage. [EA should focus on
the cumulative and synergistic effects of the set of hydroelectric projects proposed for the river
basin. In the example below, existing alternatives are selected for the AAI methodology.

Using the Branco River basin as an example, the impact indicator maps for each synthesis
component will be composed of (i) water resources and aquatic ecosystems, (ii) terrestrial
ecosystems (TE) and (iii) socioeconomics (SE).

The first step for building the impact maps, consists in populating the impacts matrix file. The
impacts matrix is organized by synthesis components and shows the common elements in an
impact assessment that can be easily filled out by specialists in each of these areas of knowledge.
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Each of the synthesis components has an associated list of impacts that can be changed. These
changes should focus on cumulative and synergistic impacts. Therefore, changes in impacts of
a permanent nature should be prioritized since temporary impacts reduce cumulativeness.

File View Project Study Environment Engineering Partition Analysis Optimization Language Help
FEEdaabh 894 X830 L@ H SR L[XF

© V¥ Inflow points
O sites
© Diversion restitution
Dams
Diverted stream
== Drainage network
— Hydrographic net...
Reservoirs
™ [ Flooded area
o [l Buffer
Brazil States
@ GE Sites
= [ Elevation map (m)
14
H 362
W
1059
W 1524
W 1873
W 2338

[APIWIPIRIPIRI

M

Pareddo M1

Selected hydroelectric power plants in the Rio Branco river basin

The matrix is populated by using the Write impact matrix functionality, available under the
Environment / integrated environmental analysis menu. When accessing this functionality, HERA
displays a dialog box with a list of scenarios for hydropower development in the basin. Any
subset of alternatives can be considered. In this way, it is possible to evaluate alternatives, and
not just the one considered to be the best, from a technical-economic point of view — the actual
practice. This is fundamental to widen the discussion with the various stakeholders, allowing
them to actively participate in the process.

ENVIRONMENTAL IMPACTS EVALUATION
INPUT DATA
MAGNITUDE COMPOSITION IMPORTANCE COMPOSITION NTENSITY COMPOSITION
N s w | E|z o .
s | £ £ 8 s[E)s)2] 8 |2 w 2EZW2Y
ENVIRONMENTAL IMPACTS S|z |0 | E|z|8 2|z |2 w sEfEcs
5| £ el 2 |5|:z|5|8|¢k |7 ¢ gugzis
Ela 218 Ele = e EEEE
H 3 H e
- 2]
01, Impacts on water resources and aquatic ecosystems
MPD1_Changes in sedmereranspon i vater cousss D[R] I[P Im][ 10 [C| I[P [MG] 0 [N Upseambasn Cperation regine
IMP 02 Aherstion of water quality cfwster bodies 0| R | P | M 10 C I | P | Me 1 N[ Muricipalies Dperstion regime
IMP 03 Alteration of the diversity and sbundance of aguatic biota 0 R | P MP 0 C | F MG Ll N Reservait Installed capacity
LR i DR[| I [ P|M]| 0 [ C| I[P |MG| | N] Resenar Dambight
MPDS_impact 05 DR[| 1 [P || 10 [ C| (| P [MG] 1 | N|Dovnseamiver Reserai area
MPDE_impact06 DR[| 1 [P M| 0 [ C| 1| P|MG| 0 | N| SiBaan Dambight
|02, Impacts on physical environment and terrestrial ecosystems
IMP 07 Lossof habitat: the di ity and abund: 0 R I P MP 10 C | P MG Ll N Upstream basin Dperation regime
IMP 08 Interferences with protected areas [ClLs) 0 R | P MP 10 C | F MG Ll N Reservoil Reservoir area
P03 Lossol b DR[| I [ P|M| 0 [C| I[P |MG| | N|Dom Reseroi siea
P10 impact 10 DR[| 1 [P M| 10 [ C| I[P [MG] N | N[ Techoduanie Reserai area
P11 impact it DR[| 1 [P || @ [ C| 1 [P |MG| | N[ Resenar ReducedFlow Suzch
WP _inpact 2 DR[| 1 [P M| W [ C| 1 [P |MG| 1 | N[ Micipses Fesidence tme
[03 Impacts an sacio ecanomic
IMP 13 Froliferation of waterborne diseases 0 R | P MP 10 C | F MG Ll N Muricipalities Reservoir area
9P Comproise of tewist aotiiies and loss of ptrimeny hertage DR[| I [P|M] 10 [ C| I[P |MG| | N] Resenar Reseroi siea
MP 5 Commimenttoprodustive sctes DR[| I[P || 0 [C| 1 [P |MG| | N[ Resenar Reseroi srea
P& _inpact 6 DR[| 1 [P M| 0 [C| 1| P|MG| 0 | N[ SiBain Resewai area
WP impact 17 DR[| 1 [P |M| 0 [ C| 1 [P |MG| 1 | N[ Micipses D bight
MP 18 impact & DR[| 1P M| 10 [ C| ([P [MG[ 0 |N| Buferilkm D bight
LEGEND:
MAGNITUD IMPORTANCE SIGNAL SCOPE CHARACTERISTIC
Form of Incidence Incidence time Probability Cumulativity Sinergia Importance Fositve [+1] | Reservorr (1] Operation regime (1)
Indirect [1] Mediate (1) Unlikely [ Mot Cumulative () Absent (0] Wery low (1) g L ) ]
Direct (2] Immediate [2] ey likell2) Cumulative (2] Presentl2] Lowl2) O 13 )|
Medium[3] Sub-Biasin (4] Installed capacity(4]
Distributivity Permanence time Reversibility Highld] Buifer 10 Km (5] Flood Damping 5)
Local (1l Temporary (1) Reversible(1) Veryhigh(5) Muricipalties (6] Reservoir aiea (6]
Fecional(2) Feimanent 2) eversicle 2) ReducedFlow Srech(7)
DOam hight (8]

Impact matrix
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B | Hera - D:/Projetos/PSR/HERA/Projetos-HERA/AAI/Rio-Branco/Rio-Branco-Metello/rio_branco
File View Project Study | Environment Engineering Partition Analysis Optimization Language Help

| R .
:k___l k} ﬁ-ﬁb el Integrated Environmental Analysis Join layers ﬁ/ . £
Write impact matrix
v Inflow points |

Build impact map

1
Access to the impact matrix at HERA

B | Impact matrix X
Select projects from partitions |
Site ID| Site name| Project id | Project name| Reservoir head | Diversion head | |

1|4 7 s4p7 10.0 0.0 e

Projects 2|6 10 s6p10 100 0.0 =]

3|2 15 s2p15 200 0.0 e

Impact matrix file [D:/Impactos-Ambientais.xis)

Browse

Cancel |

o]

Selection of hydroelectric plants for the partition falls alternative to be assessed

HERA accesses the data of the hydroelectric plants for the preparation of the impact indicator
maps for each synthesis component, considering its scope and variables that define its weight,

such as the average flow and reservoir storage, related to “water residence time”.

ID s4p7 sép10 s2p15
Name s4p7 s6p10 s2p15

Stage 1 1 1

Operation regime 1 1 1

Residence time 01 01 77

Regularization capacity 0.0 0.0 0.0

Installed capacity 34.6 35.3 734

Reservoir area 0.5 0.4 19.0

Stretch of Reduced Flow 00 0.0 0.0

Dam hight 10.0 10.0 20.0
ID sdp7 sép10 s2p15
- E *» Reservoir -0.800 -0.800 -1.000
o« I-IUJ < EJ '12 Upstream basin -0.200 -0.200 -0.200
o I!:! a n E Dowstream river -0.200 -0.200 -1.000
g g g ; ; Sub-Basin -0.600 -0.600 -1.000
lj.:J E § = |Buffer 10 Km 0.000 0.000 0.000
Municipalities -0.200 -0.200 -0.200
- an Reserveir -0.200 -0.200 -0.600
;:' E é E 'rf Upstream basin -0.200 -0.200 -0.200
% = g b 2 Dowstream river -0.200 -0.200 -1.000
E g <g & E Sub-Basin 0.000 0.000 0.000
o ; E 8 = |Buffer 10 Km 0.000 0.000 0.000
w % IMunicipalities -0.200 -0.200 -0.600
Reservoir -0.200 -0.200 -1.000
. Q i'ﬂ Upstream basin 0.000 0.000 0.000
3 3 2 Dowstream river 0.000 0.000 0.000
g % E Sub-Basin -0.200 -0.200 -1.000
3 = Buffer 10 Km -0.600 -0.600 -1.000
Municipalities -0.400 -0.400 -1.000

Impact matrix results for three power plants: s4p7, s6p10 and s2p15

With these results, it is possible to access the build impact map functionality to create the impact
indicator maps. At the end of the processing, 3 indicator maps are created: (i) water resources
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and aquatic ecosystems (WRAE), (ii) socio-economic and (iii) terrestrial ecosystems. These
maps can then be imported to HERA’s workspace, with the Create user layer functionality.

W1 Hera - Dy/Proj j ER Rio-B Rio-Bs io_branco

i
File View Project Study | Environment Engineering Parti

Analysis Optimization Language

J m H u @ [ Integrated Environmental Join layers
- Write impact matrix
| O ¥ Inflow points

& O sites

[®7 Impact map X

Impact matrixfile  [D:/Impactos-Ambientais.xisx Browse

Streams buffer width [100
—_—
B pi .shp

layer Browse
Output folder D/ Browse

Prefix of output files  [Ta]

Making impact maps.

|81 Hera - Dy/Projetos/PSR/HERA/Projetos-HERA/AAI/R
’E View Project Study Environment Engineering
&Y New Project Cirl+N @ ' | Shapefile  [D:/l-aqushp  Browse

[ Open Project Cirl+0 Encoding  [UTF8 =]

H Close Project Layer name [water resources and aquatic ecosystems

e

(W1 User Layer X

Import sites

Import inflow points
Import historical flow series

(W7 user Layer x

Shapefile  |D:/TA-soc.shy| Browse

Export historical flow series

Create use

3 Encoding UTF-8 =l
Export user layer metrics
Import user layer metrics Layer name | Socio-economic

s

& Export KML
I} Export data files
(W73 User Layer X
4 Bt ve
-
KL Shapefile  [D:/Ia-ter.shp| Browse

Encoding | UTF-8 B3|
Layer name |Terrestrial ecosystems

Incorporation of the WRAE impact indicator map into the HERA work area and preparation of the maps

After the incorporation of the impact maps in HERA, the symbology configuration can be
changed by using the Symbology option, as shown by the picture below, where the color ramp
and the number of impact classes are defined.

File View Project Study Environment Engineering Partition Analysis Optimization Language Help
MR daah d9x/ B0 P@FEUORL XA S

1 'V Inflow points
o

@ O sites
& © Diversion restitution 1 Hera ? X ¢
& -~ Dams

O -~ Diverted stream [ Graguatea =~
i |
2 — Hydrographic network : =S|
@ guiwh Symbol [l ovenge |
Flooded
2 [ sufter o Legend format [%1 - %52 Precsenz =] [ Tom
O GESites Vathod
@ Bouisutes
* @ Elevation map (m) Properties
Expont shapefile
Remove
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Once symbology is defined, socioenvironmental impact indicators maps can be produced.

File View Project Study Environment Engineering Partition Analysis Optimization | Language Help
HEE daabh B9 x X280 P @ HOR L XA S

T 'V inflow points
o O sites
© Diversion restitution
-~ Dams
©  Diverted stream
Ll == Drainage network
@ — Hydrographic network
+ M Reservoirs
Bl Woter rcsources and aquatic ccosystems |
[l -24000 - -2.2000
= [l -22000 - -20000
@ [l -20000 - 18000
< [l 18000 - -1.6000
& [l -16000 - 14000
2 [ -1.4000 - -12000
& [ -1.2000 - -10000
@ []-1.0000 - -08000
@[] -08000 - -06000
@ | -056000 - -04000
o razi States
| ® GE Sites
# 01 Eevation map (m)

WRAE indicator map

File View Project Study Environment Engineering Partition Analysis Optimization Language Help

UEE Jaah|/@9 XX 2d B2 P @S EOR|LIX A

O W infiow points
(]

1 == Drainage network
& — Hydrographic network
= & Reservoirs

Bl socio-economic
] ETEET

#- LI Water resources and aquatic ccosystems
& BraziiStates
0 © GESites

& U Etevation map (m)

SE -Socio-economic indicator map

File View Project Study Environment Engineering Partition Analysis Optimization Language Help

FENdaabh E9x el B P@/ LOR L X+

T 'V inflow points

@ O sites

@ © Diversion restitution

@ ~ Dams

@ Diverted stream

== Droinage network

2 — Hydrographic network
* 2 Reservoirs
- EEE c

2l -
] BEERT]
21514
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£ Etevation map (m)

TE-Terrestrial ecosystem indicator map
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7 REALISTIC 3D PROJECT VISUALIZATION

HERA can export key variables that can be used by AutoDesk software to produce 3D models
of any engineering layout from the simulations. For this, use the Engineering tool in an existing
site and select Export REVIT CSV.

Build engineering models
Delete engineering models

Engineering model properties

Export Revit C5V

The available structures to be modeled in REVIT are presented in the sequence.

1) Dams

=

<

Concrete dam Rockfill dam with clay core Earthfill dam

2) Concrete walls

- . Retaining wall for Retaining wall for
Dividing wall Transition wall cockfill dam carthfill dam

3) Water intake with penstock branch
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4) Powerhouses with assembly area

Bulb turbine (with attached intake) Vertical Francis turbine and water intake

Other turbines not shown include concrete Kaplan with attached intake, steel Kaplan,
Horizontal Francis, Horizontal and Vertical Pelton.

5) Spillways

&

Controlled spillway with Controlled spillway with ski Free spillway with
stilling basin jump dissipation basin

The dimensions of the structures calculated by HERA’s engineering module are passed on to
the shown objects defined in the Revit library. After their individual modeling in REVIT, the
structures are automatically joined by Dynamo - a programming environment of AutoDESK,
designed to build selected engineering layout on a flat surface.

With Infraworks it is possible to offer a complete visualization of the layout in the terrain,
including its reservoir, as illustrated in the exhibited sequence of the next page.
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The figure illustrates a hydropower project designed with HERA and exported to Auto Desk
Infraworks for visualization.
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ANNEX A - Engineering module plugin

Engineering Dimensioning Module Architecture

This annex details the Excel files of HERA’s engineering module. All spreadsheets are editable.
However, inputs and output, shortly identified as "io" in the cells of the tabs cannot be altered.
Structural design and quantity calculation tabs can be modified, by engineers specialized in
designing hydroelectric plants. Basic cost data must be consistent with the reality of the case
study. Verify this before starting your study. Notably the civil unit prices and the conversion
rates for equipment costs.

Description of Excel files for structure dimensioning

File (.xls) Description
hera_diccionary | Dictionary of HERA variables
hera_dams Sizing of various types of dams

hera_diversion
hera_spillway
hera_bulb
hera_kc

Sizing of various types of river diversion

Sizing of various types of spillways

Sizing of compact headrace circuit with Bulb turbine
Sizing of compact headrace circuit with concrete Kaplan

hera_penstock_ka

Sizing of short headrace circuit with conduits and steel Kaplan

hera_penstock_fv

Sizing of short headrace circuit, ducts, and vertical Francis

hera_penstock_th

Sizing of short headrace circuit, ducts, and horizontal Francis

hera_tunnel_p
hera_tunnel fv
hera_tunnel_fh
hera_channel ka
hera_channel_fv
hera_channel_fh
hera_quant
hera_cost_factors
hera_budget
hera_filter

Sizing of long headrace circuit in tunnel and Pelton

Sizing of long headrace circuit in tunnel and vertical Francis
Sizing of long headrace circuit in tunnel and horizontal Francis
Sizing of long headrace circuit in channel and Kaplan steel turbine
Sizing of long headrace circuit in channel and vertical Francis
Sizing of long headrace circuit in channel and horizontal Francis
Auxiliary spreadsheet for volume calculation

Auxiliary spreadsheet to save cost parameters defined by the user
Cost estimative spreadsheet

Filter spreadsheet for general arrangement alternatives

Dictionary and Variables Codification

The proposed code consists of four alphanumeric sequences (aaa_bbbb_cccc_dd) and may have
prefixes corresponding to the environments where the variables are defined, such as heraor
dynm. The code sequences are based on the terms used in English and are detailed as follows:

e aaa: the first sequence, always formed by letters, can be associated with main structures

or themes, or also to a set of structures:
bdg = budget;
dam = dam;
div = diversion;
enr = energy;
fil = filter;
geo = geology;
hsy = hydraulic system;

hyd = hydrology;
lay = layout;

oth = others;

pwh = power house;
res = reservoir;

rtc = rating curve;
spw = spillway.
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bbbb: the second sequence, formed by four letters or numbers, is associated with
substructures (TRWL, for example, are transition walls of the dam), types of structures
(EART is earth dam); secondary theme (MANN is the Manning coefficient); or first
substructure (for layout variables that define the distance between axes). In this case,
the number zero fills voids or separate two types of structures for which the variable is
valid (EORO indicates that the variable meets earthfill and rockfill dams).

ccce: the third sequence, also formed by four letters or numbers, is associated with
substructures (DWST may correspond to a downstream cofferdam variable),
equipment (SLOG is the stoplog of a given structure), excavation or construction
materials (CONC is concrete), detailing the theme (RBED can refer to the thickness of
the soil layer in the river bed) or second substructure (in the case of layout variables).
In this case, zero has the same functions as described above.

dd: the fourth sequence, formed by one or two letters, is associated with this type of
variable (dimensions, values, etc.).

¢ = cartesian coordinate

ct = cost

d = diameter

dl = dimensional variable

dt = distance!

el = elevation

h = height

i = slope

k = coefficient

| = length or dimension in the direction of flow
m2 = area in square meter
m3 = volume in cubic meter

n = quantity

p = capacity

pc = percentage?

q = flow rate

r = radius

t=ton

th = thickness

v = dimensionless variable
w = width or orthogonal dimension to flow
wl = water level

x = alphanumeric variable3

Notes: 1 —used in layout variables; 2 — the setting of the value is in decimal form; 3 — also applied for layout.

Variable dictionary tabs are separated by their source environment (Excel, HERA, or Dynamo
files, which is the REVIT programming environment).

hera_diccionary.xls

Tab Description

excel input (in) and output (out) variables of spreadsheets
hera variables defined in Hera's environment

dynamo variables defined in Dynamo's environment

Structures dimensioning

The functions of each of the engineering module plug-in spreadsheet tabs are detailed below.

hera_dams.xls

Type Tab Description
C iodaml input (in) and output (out) variables tab
oncrete daml " e d o sheet
amlconcrete | concrete dam sizing shee
iodam?2 input (in) and output (out) variables tab
Earthfill damlearthfill | earthfill dam sizing sheet
trwalls2 transition wall sizing sheet
iodam3 input (in) and output (out) variables tab
Rockfill damlrockfill | rockfill dam sizing sheet
trwalls3 transition wall sizing sheet
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hera_diversion.xls

Type Tab Description
Diversion by iodivl input (in) and output (out) variables tab
Tunnel divlitunnel | diversion by tunnel sizing sheet
cofferdl 2nd phase cofferdams sizing sheet
Diversion by iodiv2 input (in) and output (out) variables tab
Gallery div2gallery | diversion by gallery sizing sheet
cofferd2 2nd phase cofferdams sizing sheet
Diversion by the iodiv3 input (in) and output (out) variables tab
Riverbed with div3channel | diversion by natural channel in riverbed sizing sheet
Sluiceways div3gsphosb | spillway with sluiceways sizing sheet
cofferd3 2nd phase cofferdams sizing sheet
Diversion by the iodiv4 input (in) and output (out) variables tab
Riverbed without | div4channel | diversion by natural channel in riverbed sizing sheet
Sluiceways cofferd4 2nd phase cofferdams sizing sheet
hera_spillway.xls
Type Tab Description
Spillway (all) iogeom input (1n? and output (out) variables tab
spOgeom | spillways' ogee sizing sheet
Spillway with iosb input (in) and output (out) variables tab
dissipation basin spOsb dissipation basin sizing sheet
Controlled spillway iospl input (in) and output (ouj[) Yangbles tab _
S X splghosb | controlled spillway with dissipation basin sizing
(dissipation basin) sheet
Controlled spillway | iosp2 input (in) and output (out) variables tab
with ski jump sp2ghosj controlled spillway with ski-jump sizing sheet
Chute controlled iosp3 input (in) and output (out) variables tab
spillway (ski jump) | sp3gchsj chute controlled spillway with ski jump sizing sheet
Free spillway with | iosp4 input (in) and output (out) variables tab
dissipation basin sp4uhosb | free spillway with dissipation basin sizing sheet
hera_bulb.xls
Tab Description
iohsbl input (in) and output (out) variables tab
hsblintake water intake sizing sheet
hsblphouse powerhouse sizing sheet
hsbltailrace tailrace sizing sheet
hera_kc.xls
Tab Description
iohskcl input (in) and output (out) variables tab
hskclintake water intake dimensioning spreadsheet
hskclphouse powerhouse dimensioning spreadsheet
hskecltailrace tailrace dimensioning spreadsheet

77



hera_penstock_ka.xls

Tab Description

iohskal input (in) and output (out) variables tab
hskalintake water intake dimensioning spreadsheet
hskalpenstock penstock dimensioning spreadsheet
hskalphouse powerhouse dimensioning spreadsheet
hskaltailrace tailrace dimensioning spreadsheet

hera_penstock_fv.xls

Tab Description

iohsfvl input (in) and output (out) variables tab
hsfvlintake water intake dimensioning spreadsheet
hsfvlpenstock penstock dimensioning spreadsheet
hsfvlphouse powerhouse dimensioning spreadsheet
hsfvltailrace tailrace dimensioning spreadsheet

hera_penstock_th.xls

Tab Description

iohsfhl input (in) and output (out) variables tab
hsthlintake water intake dimensioning spreadsheet
hsthlpenstock penstock dimensioning spreadsheet
hsthlphouse powerhouse dimensioning spreadsheet
hsfhltailrace tailrace dimensioning spreadsheet

hera_tunnel fv.xls

Tab Description

iohsfv2 input (in) and output (out) variables tab
hsfv2route spreadsheet for generating circuit parameters
hsfv2intake channel's water intake dimensioning spreadsheet
hsfv2tunnel headrace tunnel dimensioning spreadsheet
hsfv2stank surge tank dimensioning spreadsheet
hsfv2penstock penstock dimensioning spreadsheet
hsfv2phouse powerhouse dimensioning spreadsheet
hsfv2tailrace tailrace dimensioning spreadsheet

hera_tunnel fh.xls

Tab Description

iohsfh2 input (in) and output (out) variables tab
hsth2route spreadsheet for generating circuit parameters
hsth2intake channel's water intake dimensioning spreadsheet
hsth2tunnel headrace tunnel dimensioning spreadsheet
hsth2stank surge tank dimensioning spreadsheet
hsth2penstock penstock dimensioning spreadsheet
hsth2phouse powerhouse dimensioning spreadsheet
hsth2tailrace tailrace dimensioning spreadsheet

78



hera_tunnel_p.xls

Tab Description

iohsp2 input (in) and output (out) variables tab
hsp2route spreadsheet for generating circuit parameters
hsp2intake channel's water intake dimensioning spreadsheet
hsp2tunnel headrace tunnel dimensioning spreadsheet
hsp2stank surge tank dimensioning spreadsheet
hsp2penstock penstock dimensioning spreadsheet

hsp2phouse powerhouse dimensioning spreadsheet
hsp2tailrace tailrace dimensioning spreadsheet

hera_channel ka.xls

Tab Description

iohska3 input (in) and output (out) variables tab
hska3route spreadsheet for generating circuit parameters
hska3intake channel's water intake dimensioning spreadsheet
hska3channel headrace channel dimensioning spreadsheet
hska3intfbay penstock's intake dimensioning spreadsheet
hska3penstock penstock dimensioning spreadsheet
hska3phouse powerhouse dimensioning spreadsheet
hska3tailrace tailrace dimensioning spreadsheet

hera_channel fv.xls

Tab Description

iohsfv3 input (in) and output (out) variables tab
hsfv3route spreadsheet for generating circuit parameters
hsfv3intake channel's water intake dimensioning spreadsheet
hsfv3channel headrace channel dimensioning spreadsheet
hsfv3intfbay penstock's intake dimensioning spreadsheet
hsfv3penstock penstock dimensioning spreadsheet
hsfv3phouse powerhouse dimensioning spreadsheet
hsfv3tailrace tailrace dimensioning spreadsheet

hera_channel fh.xls

Tab Description

iohsfh3 input (in) and output (out) variables tab
hsth3route spreadsheet for generating circuit parameters
hsth3intake channel's water intake sizing sheet
hsth3channel headrace channel sizing sheet

hsth3intfbay penstock's intake sizing sheet

hsth3penstock penstock sizing sheet

hsth3phouse powerhouse sizing sheet

hsth3tailrace tailrace sizing sheet

Engineering solutions

The concept of general engineering arrangement in HERA is divided in “templates”, which
consist of the structures that make up a given engineering solution, and “layouts” which define
the relative position of these structures along the dam axis. The next two tables show there are
69 templates. Template 1 (first column) has a Bulb turbine with a compact hydraulic system.
The river is diverted with a tunnel, the spillway is a controlled chute and it has a rockfill dam
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with a transition wall. Currently has 174 engineering solutions, with 51 templates having 2
layouts and 18 templates having 4 layouts (51x2+18x4 = 174).

Templates

Template Id >

Bulb

Kaplan Concrete

Kaplan Steel

Vertical Francis

Horizontal Francis

Pelton

Compact

Penstock

Tunnel

Headrace channel

Two-step, on the riverbed, without sluicewa
Two-step, on the riverbed, with sluiceway
Tunnel

Gallery

Controlled with Stilling Basin
Controlled with Ski Jump
Controlled Chute

Uncontrolled with Stilling Basin
Concrete

Earthfill

Rockfill

Transition wall

Powerhouse

system

Hyrdraulic

Diversion

Spillway

Dam

Template Id —» 35(36|37(38)|39(40|41(42]|43|44|45|46|47)48(49)|50(51]|52(53|54|55|56|57|58]|59(60|61(62|63(64)|65|66|67|6869

Bulb

Kaplan Concrete
Kaplan Steel
Vertical Francis
Horizontal Francis
Pelton

Compact
Penstock

Tunnel

Headrace channel
Two-step, on the riverbed, without sluiceway
Two-step, on the riverbed, with sluiceway
Tunnel

Gallery

Controlled with Stilling Basin

Controlled with Ski Jump

Controlled Chute

Uncontrolled with Stilling Basin

Concrete

Earthfill

Rockfill

Transition wall

Powerhouse

Hyrdraulic
system

Diversion

Spillway

Dam
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Layouts
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Spillway &

Spillway on the right side of the riverbed

Water intake on the right side of the spillway|

riverbed

Spillway on the left side of the riverbed

intake on the

Water intake on the left side of the spillway

Spillway and intake on the

Spillway on the right bank

Water intake on the left bank

Spillway on the left bank

Water intake on the right bank

Spillway on the right bank

riverbanks

Water intake on the right bank

Spillway on the left bank

Water intake on the left bank

Spillway on the

Spillway on the center of the riverbed

Water intake on the left bank

Spillway on the center of the riverbed

riverbed and
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Water intake on the right bank
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Spillway &
intake on the

Spillway on the right side of the riverbed

Water intake on the right side of the spillway|

riverbed

Spillway on the left side of the riverbed

Water intake on the left side of the spillway

Spillway and intake on the

Spillway on the right bank

Water intake on the left bank

Spillway on the left bank

Water intake on the right bank

Spillway on the right bank

riverbanks

Water intake on the right bank

Spillway on the left bank

Water intake on the left bank

Spillway on the

Spillway on the center of the riverbed

Water intake on the left bank

Spillway on the center of the riverbed

riverbed and
intake on the

I

Water intake on the right bank

Examples of templates and layouts encoding

Engineering template All

-

All

PhBulb HsComp DmEart SpChas DvRbed
PhBulb HsComp DmRock SpChas DvRbed
PhFrhz HsTunl DmConc SpUbas DwTunl
PhFrhz HsTunl DmConc SpUbas DvGall
PhFrhz HaTiml NimFart Snl thas DTl

Engineering layout

~

Ex1: The arrangement has Bulb turbines
(PhBulb) in compact adduction circuit
(HsComp), concrete dam (DmConc),
controlled spillway with dissipation basin
(SpCbas) and diversion through the
riverbed without sluiceways (DvRbed).

Engineering layout

-

All
Il

A
FtRbedlLcfd SpLbed InLspw
FtRbedLcfd SpRbed InRspw

Ex2: The layout is a foot of the dam with a
diversion through the riverbed and
longitudinal cofferdam (FtRbedLcfd),
with spillway positioned in the riverbed.
Intake is on the left (SpRbed InLspw).
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Filters

The implementation of filters in a specific spreadsheet tries to avoid the unnecessary alternatives
simulation of general arrangement, using the basic data available at the beginning of each
workflow (such as installed capacity, gross head resulting from the dam, gross head resulting
from long circuit diversion, among others). From criteria that can be defined, the output
variables return FALSE or TRUE values for each type of structure.

hera_filter.xls

Tab Description

iofilter input (in) and output (out) variables tab

Quantities Calculation

The calculations performed in the file "hera_quant.xls" cover structures that cannot be
calculated by numerical integration, except for the concrete of the different types of
powerhouses, whose volume is calculated in their respective dimensioning spreadsheets,
resulting in a value associated with an output variable common to all hydraulic system files.

This file also works like a spreadsheet that consolidates the calculations of civil volumes, in
specific cases, composing portions that are calculated in HERA’s environment by numerical
integration with those calculated in the spreadsheet itself, and generally defines the specific
variables to the file that generates the budgets ("hera_budget.xls").

Tabs's description of the auxiliary file for volumes calculation (hera_quant.xls)

Tab Description
ioquant input (in) and output (out) variables tab
dam eart calculation of complementary volumes for the earthfill dam: filters, protection
- of upstream and downstream slopes
div tund calculation of concrete volumes of diversion tunnels: water intake, bulkhead,
- and lining
div eall calculation of concrete volumes of diversion galleries (including water intake
-8 and bulkhead) and complement of rock excavation at the foundation
div slui calculation of concrete volumes of sluiceways (including water intake and
- bulkhead) and complement of rock excavation at the foundation
hsy intk calculation of concrete volumes of water intake up to 2,5m elevation below the
V- sill (below this elevation, HERA calculates)
hsv tunn calculation of hydraulic system tunnel volumes: underground excavation,
V- conventional and projected concrete, lining
hsv stnk calculation of the surge tank: common and open pit rock excavations,
Y- underground excavation, conventional concrete
hsy chnl calculation of hydraulic system volumes: common and open pit rock
Y- excavations, conventional concrete
hsv fba calculation of forebay volumes including the intake: common and open pit
y_tbdy rock excavations, conventional concrete
hsy stk calculation of concrete volumes of penstock blocks, as well as common and
Y-P rock excavations
sow strc calculation of spillway complementary concrete volumes (pillars and walls,
PW-— since the ogee is calculated by HERA)
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Costs Estimate
The budgeting file collects as input variables the following information:

e  Unit prices, percentages and conversion rates defined in HERAs interface by the users
and saved in “hera_cost_factors.xls”.

e  Volumes of civil works obtained as explained above and equipment costs calculated by
the spreadsheets of the Brazilian Inventory Manual.

e Environmental metrics from the user interface.

In the end it generates total costs as output variables.

hera_cost_factors.xls

Tab Description

io_up unit prices for civil works

io_env unit prices for the environmental account
io_perc percentages used to estimate other costs
io_conv conversion rates for equipment costs

hera_budget.xls

Tab Description

iocosts input (in) and output (out) variables tab
unit_prices basic unit prices definition

summary tables with summaries of quantities and costs
balance simplified materials balance (cut and fill volumes)
budget Budget following Eletrobras standard
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