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Abstract

Energy models are crucial for helping governments and policymakers plan long-term investments in the
energy transition context. One of the most established open-source optimisation models is 0SeMOSYS—
the Open-Source Energy Modelling System. This paper presents a new interface—clicSAND —for
0SeMOSYS, which shortens the learning curve and supports beginner energy modellers to perform long-
term investment analyses efficiently. The freely available and open-source clicSAND software consists of
a user-friendly Excel interface for entering data, powerful solvers, and a dashboard for visualising results.
The results, which extend to 2070, can inform policy decisions and mobilise financial resources for
sustainable development measures—for example, ensuring affordable and secure energy supply and
mitigating the effects of climate change. This paper describes clicSAND's main benefits, architecture, and
functionalities. Furthermore, a South-African case study undertaken by participants of the international
capacity-building event—the EMP-A (Energy Modelling Platform for Africa) 2021—shows the results
achieved by inexperienced users following a three-week training course. Finally, current applications and
future extensions of the software are also presented.

Motivation And Significance

1.1 Scientific background and motivation for developing the
software

The climate change crisis requires bold and courageous action by individuals and governments. One of
these actions is the so-called ‘energy transition’, which implies moving away from a carbon-based
economy towards less polluting options such as renewable energy sources. This shift requires multi-
billion-dollar investments and long-term scenario planning to 2050, 2070, and beyond. To achieve this,
governments, academics, international organisations, and private sector consultancies increasingly rely
on energy models for long-term investment planning. Such models provide valuable insights for efficient
and reliable energy production in line with climate change mitigation action. One of the most used is the
Open-Source Energy Modelling System (0SeMOSYS). Initially developed at the Royal Institute of
Technology (KTH) [1] in collaboration with various institutions and organisations, 0SeMOSYS is a long-
term bottom-up optimisation model for energy system analysis leading to better investment planning [2],
as demonstrated in [3] [4] [5].

Throughout the continued development of 0SeMOSYS over the past 14 years, developers focused on
improving the user interface usability and user-friendliness, which enable skills to be developed faster
and accelerate the uptake of models towards the formulation of sustainable development policies.
Initially, users had to interact directly with the code and the input data file via text editor software and the
command line, which was time-consuming and difficult for non-advanced users. As a result, a stand-
alone open-source interface called MoManl (Model Management Infrastructure) was developed [6].
However, this interface had significant limitations in terms of data management [7]. The 0SeMOSYS
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community tried to replicate the same functionality within an Excel workbook, but this informal process
led to duplication of effort and scattered resources.

Cannone [7] addressed this problem by developing an Excel-based interface for 0SeMOSYS called SAND
(Simple And Nearly Done). Although the Excel interface improved the collection and input of data, the
user still had to interact with the command line via simple lines of code to run the models and
computation time could be a few hours. Therefore, building from the Excel SAND Interface, clicSAND is a
user-friendly interface for 0SeMOSYS, developed to overcome these limitations. It adds more powerful
solvers, one-click installation, and a user-interface application. clicSAND provides the 0SeMOSYS
community with an easy-to-use interface for energy modelling analysis and has been widely used in
different spheres (see Section 4.1). The clicSAND software helps model alternative long-term pathways
of a selected region, identifying the optimal energy mix configuration, including allocation of energy
resources, and associated financial investment.

The remainder of the paper is as follows. Section 2 presents clicSAND's architecture and main
functionalities. Section 3 provides a brief, illustrative example of clicSAND use. Section 4 concludes by
presenting current and past software applications, extensions, and future work.

Software Description
2.1 Materials and Methods

A basic overview of the clicSAND software and its main functionalities are shown in Figure 1, with the
main advantages and limitations appearing in Figure 2. It uses the SAND Excel interface as the only data
entry point for the user. A key advantage from a usability perspective is that no interaction with the
command line is required during the modelling process. The software works completely offline, which is
particularly promising for regions with low bandwidth connections.

A one-click installation package with all the necessary components of the software is freely available for
download on Github [8], and instructions on how to correctly install the software and the two free solvers
can be found on Zenodo [9]. Moreover, a step-by-step online certified course hosted on the Open Learn
Create (OLC) Platform is available as a public good [10]. The course combines theoretical lessons with
practical exercises, teaching users the theory behind energy modelling for investment planning and how
to build an energy model from scratch using the clicSAND software for 0SeMOSYS. The authors
recommend to firsttime users of the clicSAND software enrol in this online course and carefully follow
the instructions provided in practical exercises 1,2 and 3:

* Hands-on 1: Download and installation of the clicSAND software and the solvers (GLPK and CBC).

e Hands-on 2: Best practices to input data to the Excel SAND Interface and practical example for one
technology.
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e Hands-on 3: Instructions on how to save, run and visualise results using the Microsoft Access
Database and the Excel Template provided with the software.

Another asset of the clicSAND software lies in its compatibility with the Starter Data Kits [11], the starting
point national energy system models currently available for 70 countries in Africa, East Asia, and South
America. Indeed, the Starter Data Kits models were built using the SAND Interface, and the results were
obtained by running the clicSAND software.

One limitation of the software is the need for at least 8 GB RAM for smooth operation and a Windows
computer with Microsoft Access and Excel installed — which are commercial software. However, to offer
this public good to a broader audience, a second version of the clicSAND software, which is mac-0OS
compatible and does not require Microsoft Access, was recently released — more details in Section 4.

Experienced users working on complex models might find the SAND interface not best suited for
multiregional studies and models with a high temporal resolution (more than 96-time slices). Indeed, as
explained in Section 2.3, the Excel SAND Interface represents the shell where the user can intuitively add
data up to 200 technologies, 50 commodities, five types of emissions, one region and 96-time slices. It is
worth pointing out that when first using the Excel Interface to input data, the user must pay attention to
pasting in data while a filter is applied, as Excel will copy the data to the subsequent row and not to the
next filtered row. However, to avoid first-users mistakes while compiling a model, step-by-step video
guidance was released on YouTube, showing best practices to copy data effectively and quickly [12].

Another weakness of the clicSAND software for Windows is detecting errors if the model fails during the
run. Indeed, the software platform shown in Figure 1 does not indicate the error, only that the model is not
working (this problem also occurs when running 0SeMOSYS models with other interfaces). To overcome
this limitation and improve the troubleshooting experiences, the third version of the software — which is
currently being tested —introduced the functionality to identify which step of the process the model is
failing (Section 4 of this paper).

The clicSAND software is fully compatible with the existing 0SeMOSYS architecture—the constraints,
variables, and parameters are all represented. Two powerful solvers to find a model's optimal solution,
GLPK (GNU Linear Programming Kit) [13] and CBC (COIN-OR branch and cut) [14], are part of the open-
source and freely available clicSAND software. Moreover, the software's results are fully compatible with
other tools such as the CLEWS (Climate, Land (Food), Energy and Water systems approach) [15], the
IRENA FlexTool that analyses the flexibility of the system, MUSE (ModUlar energy system Simulation
Environment) [16], and other 0SeMOSYS platforms, including the 0SeMOSYS Cloud Platform [17] (Online
solvers available through a cloud service), as explained in Section 4 of this paper.

2.2 Software architecture
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The clicSAND software and its components are licensed under an MIT license (open-source and free of
charge), allowing the public to use, copy, modify, merge, publish, distribute, sublicense, and/or sell copies
of the software. Users can do this by giving credit, linking to the license, and indicating if they changed
the work in all copies or substantial portions of the Software. clicSAND is written using the C# language,
allowing easy uptake, improvements, and adaptability.

2.2.1. Operating the software

As mentioned before, the user downloads the one-click installation package from GitHub [8], runs the
executable, and follows the instructions for installing the GLPK solver and CBC solver available on
Zenodo [9] as part of the OLC online course [10]. The one-click installation package contains the
following:

e User platform (Figure 1),

* Excel SAND Interface to input data,

e Access database to import results,

e Excel template to visualise the results,

e 0SeMOSYS code needed by the solvers.

The user populates the SAND Interface on Excel using a single spreadsheet where all the 0SeMOSYS
Sets and Parameters can be defined. The spreadsheet uses filters to guide the user compile the data file.
The flowchart in Figure 3 describes all the process steps, while specific functionalities of the SAND
Interface are presented in Figure 4. Next, the user saves and closes the Excel file to open the clicSAND
executable (Figure 1). The user selects the SAND Excel file and then the 0SeMOSYS code by clicking
respectively on the green and blue buttons highlighted in Figure 1. By using the arrows of the "Ratio
(CBC)" button, the user can, if needed, change the accuracy of the model solution — a 0.05 ratio which is
usually used, means that a 5% range of error on the optimal solution is accepted. A lower ratio will result
in a longer computational time. A VBA (Visual Basic for Applications) Macro in the selected SAND Excel
workbook is executed by clicking 'Run’. The macro copies the last tab in SAND, named ToDataFile, into a
new text file. The first solver, GLPK, will generate the matrix based on the data file and code selected.
Then the second solver, CBC, will find the optimal solution and produce results in a text file format. If the
model successfully runs, the large text box in Figure 1 will show lines of text describing the process
followed and ends up with a sentence saying the "Optimal Solution was found". At that point, the results
obtained will have been saved in a .txt file and should then be imported into the Access Database. The
last step to visualise the results requires the user to link the Excel Result Visualization template with the
Access Database. The process should be repeated for each of the 11 graphs the user would like to
visualise. The authors highly recommend following the step-by-step instructions on how to run and
visualise the results provided in the Hands-on 3 of the OLC Course [10] and the YouTube video [12].
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2.3 Software functionalities

2.3.1. SAND Excel Interface

The clicSAND software consists of various components. Here we will focus on two of them—the SAND
Excel interface and the Result Visualisation template—as users interact with these for data management.
As shown in Figure 4, the SAND Interface is an Excel workbook consisting of four sheets: Naming, SETS,
Parameters, and ToDataFile.

In Naming, there is a description of all the parameters used to build and constrain the model. In SETS, the
user defines the names of up to 200 technologies, 50 commodities, and five types of emissions in their
model. The user can return to this sheet and make unlimited changes without losing progress. The
naming convention added in SETS is automatically inserted in the other two sheets: Parameters and
ToDataFile.

The Parameters sheet (screenshot: Figure 4) is a worksheet with 48,757 rows containing all the user's
0SeMOSYS parameters necessary to build a model. Filters have been prepared in each column to
improve the interface's usability. Thus, the user can apply multiple filters to identify the data entry point of
interest. For example, to add fixed costs for renewable technologies such as geothermal, solar, wind, and
hydro (shown in Figure 4), the user opens the Parameters sheet, filters out the fixed costs in column A,
and then filters out the selected technologies in column C, and finally copies the data into columns K to
BN (years 2015 to 2070).

The user repeats this process for all data inputs of their model. The interface offers a modelling period of
up to 55 years (from 2015 to 2070) and up to 96 time slices. However, the user can also choose to model
a shorter period or reduce the temporal resolution (number of time slices) (see guided exercises

at [18] and [19]; video recordings at [20] and [21]).

The user does not interact directly with ToDataFile to enter modelling data. This sheet is already in the
format required by the solvers; this automatically reads and copies all the data added from SETS and the
Parameters sheet. When the user clicks 'Run’ in the clicSAND software (Figure 1), a VBA macro embedded
in the Excel SAND Interface is first executed, which opens the SAND Interface, reads the ToDataFile sheet,
and saves it in a new .txt file that the two solvers use to find the optimal solution.

2.3.2. Results Visualisation Template

In the Results Visualisation Template file (a separated Excel workbook), the user can visualise the results
of the modelling exercises (see available graphs in the green box of Figure 4). Graphs are generated using
Pivot Tables and rely on Access Database to store the data in a compatible format. In the next chapter, an
illustrative example of an analysis using this software will be presented.
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lllustrative Example

This section presents the results of a South African case study undertaken by participants of the
international capacity-building event: the EMP-A (Energy Modelling Platform for Africa) 2021 [22]. The
results are the output of a three-week online training course based on clicSAND for 0SeMOSYS. The
participants did not have any previous knowledge of 0SeMOSYS. It is worth mentioning that the format
of the results presented in Figure 5 was obtained using an additional scientific plotting package, called
Veusz [23], for post-processing graphics production, fully compatible with the Excel Template generated
with clicSAND software.

3.1 Background and modelling questions

The South African power system exhibits significant coal dependence [24]. Consequently, an exercise was
undertaken regarding the potential implications of reduced coal dependence relative to existing policy
and the least-cost scenario. To create a representative scenario, all coal capacity is decommissioned by
2040. The following questions were considered:

1. How will the energy mix evolve?
2. How will CO, emissions change?

3. What roles will different technologies play?

3.2 Modelled scenarios and Starter Kit

The modelled scenarios are summarised in Table 1. The base model for the 'Existing Policy' scenario
utilised an adjusted version of the available South African Starter Data Kit for implementation in
0SeMOSYS [25][26], with further adjustments made (described in Table 1) to define the 'Least Cost' and
'‘Game Change' scenarios.

Table 1: Summary of scenarios modelled including description and critical assumptions.
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Scte)ni'-.\rio Scenario Description Key Assumptions
Labe

Existing  The power sector evolves with
Policy existing policy [27] e Coal capacity decommissions in line with existing
expectations (Coal<60%, 25% renewables by 2030)

» Peak Plateau Decline (PPD) trajectory

Least Least-cost evolution with no

Cost substantial upfront » Least-cost optimal unconstrained path
constraints e PPD trajectory

Game No coal generation by 2040;

Change renewable energy revolution e All coal capacity decommissioned by 2040—linear

decline (over ten years)
e PPD trajectory
* Least-cost path with the above constraint

3.3 Discussion of Results

Relative to the Existing Policy scenario, the Least Cost and Game Change scenarios evolve toward an
increasingly diversified clean energy mix (Figure 5). New-build capacity is dominated by solar
photovoltaics and onshore wind, replacing decommissioned coal capacity (as planned) and meeting
growing demand. When shifting from the Least Cost scenario towards the Game Change scenario, other
solar photovoltaics and onshore wind are deployed, supplemented by gas-fired generation capacity that
fills the gap left by coal capacity decommissioned by 2040.

3.4 Policy implications and future work

From the findings of these representative scenarios (see Figure 5a), it would be prudent to prepare early
for a transitioned power sector in South Africa. The primary aim is to shift away from coal-fired power
generation in a phased manner with geographically specific policy interventions and assessment of
related socio-economic costs/benefits.

The total system and discounted costs are compared in Figure 5c across the scenarios. Considering the
potentially significant role of variable renewable energy (VRE) like solar photovoltaics and wind in South
Africa (see Figure 5a), localisation of the VRE supply chain wherever possible should be prioritised.
However, this will result in increased electricity costs.

With the technologies considered, although CO2 emissions are reduced (see Figure 5b), a shift to natural
gas capacity from coal means a continued reliance on thermal fuels and imported fuel dependence
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(leading to energy security concerns). This exercise did not explore storage (short- or long-duration)
options but could play a notable role if costs continue declining. This was because the scope was
limited to demonstration purposes and not to obtain any specific insights into the potential role of
storage. Indeed, with high penetration levels of variable renewable energy in the form of solar PV and
wind (onshore/offshore), the potential role for various short-duration and long-duration storage forms
would be an exciting scope to pursue further.

Conclusion And Extension
4.1 Impact and use of clicSAND Software

The clicSAND software has been used in teaching, research analysis, and policy evaluation. It was
initially used and tested with six Imperial College London Master's students for thesis projects in Kenya
[28], Nigeria [29], Vietnam [30], Laos [31] [32], and Armenia [33]. It proved to be a flexible tool supporting
national energy planning strategies. These theses have expanded existing research and been
incorporated into national government energy strategies (e.g., Vietnam [34]). clicSAND has also been
used to develop 69 country Starter Data Kits (for countries in Africa, Asia, and South America), which are
zero-order models with complete datasets freely available on Zenodo and pre-print papers on Research
Square (complete list: Appendix B).

Furthermore, the clicSAND software was used to train over 200 people during international capacity-
building events, such as the Summer Schools at the International Centre for Theoretical Physics

(ICTP) [35] [36] and the EMP-A [22]. The latter was organised, among others, by the United Nations
Economic Commission for Africa (UNECA) and the University of Mauritius [37]. In these events, the skills
previously taught using MoManl are now gained using the clicSAND software. As a result of these events,
several researchers and government energy ministry analysts utilise clicSAND to build national energy
strategies [38].

A survey circulated to the participants of the capacity-building events called EMP-A 2021 and ICTP 2022
of the track in Energy and Flexibility Modelling evaluated the software's compatibility and usability. The
results in Appendix A show that both the Excel SAND Interface and the clicSAND software got a
satisfactory score of 75/100 on their user-friendliness and ease of use. On the contrary, results
highlighted expected weaknesses in the solvers' computational time. To overcome this challenge, the
authors have developed and are currently testing a new version of the software which can compress the
size of the data file and exponentially speed up the solving time (more information available in

Chapter 4.2).

clicSAND is the base of the practical exercises of the OLC Platform online course on Energy and
Flexibility Modelling [10], which 346 people have currently completed obtaining an official certificate. The
GitHub supplementary repository available on Zenodo [9] has been viewed and downloaded by 859 and
213 users, respectively. Moreover, clicSAND was used to teach how to perform energy modelling analysis
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in the Climate Change Politics and Policy Master's Course at Loughborough University [39] and to
students of the Imperial College London working on their master thesis in consultation with the UK
Government Energy Transition Council (ETC) [40].

Finally, clicSAND was an invaluable asset in the initial phase of OSEMOSYS Ul (User Interface)
development as a blueprint and prototype for data structure design. Developed by the United Nations
Department of Economic and Social Affairs (UNDESA) [41], 0SeMOSYS Ul is a web-based solution [42],
also available as a stand-alone platform that enables users to create quickly, run, and analyse
0SeMOSYS results.

4.2 Extensions and software updates

4.2.1. clicSAND for MacOS users

A second version of the software, called the clicSAND for the Macintosh User Group (clicSANDMac), was
developed [43] [44] [45]. This allows clicSAND and the Starter Data Kits [11] to be accessible and
adaptable to all. The same principles and functionalities as clicSAND for Windows and source code are
maintained; however, a few changes are required for macOS compatibility. For example, Microsoft Access
was replaced with a Python-based data manipulation approach (embedded in the software). Additionally,
data are run in a text file format rather than an Excel spreadsheet (however the user still inputs the data
through Excel). An online course solely for 0SeMOSYS MacOS users was released on the OLC Platform
[46].

4.2.2. 0SeMOSYS Cloud and Visualisation

A third, partially web-based way of operating the software was developed to overcome the 8GB RAM old
requirement for the smooth operation of the offline version of clicSAND. In clicSAND 3.0., the user still
inputs the data in the SAND Excel interface but will have the additional option to run the model online
using the 0SeMOSYS Cloud platform [17], which has the advantage, among others, of giving live
feedback on the solving process and eventually, pointing at where the error has occurred. If this path is
chosen, the results are visualised online through an interactive dashboard or offline with the same steps
as in the operational flowchart of the first version of the software (Figure 3). Instructions to run the model
on the 0SeMOSYS Cloud can be found in [47]. Adding the option within the clicSAND software to
visualise input data in a RES (Reference Energy System) is currently being tested [48]. Lastly, as
previously mentioned, a new functionality that reduces computational time has been implemented and is
being tested. Building on what was done in the clicSANDMac, a Python code was embedded in the
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software to reduce the data file size (matrix and LP-file) by filtering out unused elements beforehand,
therefore dramatically shortening the solving time. This functionality also bypasses the need for an
Access database to visualise the results, if the user decides to do that offline and not using the online
0SeMOSYS Cloud Platform.

4.2.3. 0SeMOSYS Ul

As mentioned above, a key advantage of clicSAND is that data management is administered through
spreadsheets. Part of the success is also that "What You See Is What You Get" (WYSIWYG) [49], which
means a reduced level of abstraction. However, it was identified that Excel is not secure; it is error-prone,
tough to keep track of, and challenging to scale. These are the reasons for developing clicSAND software
as a full-scale web application called 0SeMOSYS Ul. 0SeMOSYS Ul, which does not use any Microsoft
product, adds the ability to implement different units, create a model, and run the solver in the same
interface.

Declarations

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that
could have influenced the work reported in this paper.

CRediT Author Statement

Carla Cannone: Conceptualisation; Data curation; Investigation; Methodology; Software; Formal analysis;
Validation; Visualisation; Writing — Original Draft. Lucy Allington: Data curation; Investigation;
Visualisation; Validation; Review. Nicki de Wet: Software; Visualisation; Validation. Abhishek
Shivakumar: Software; Formal Analysis; Validation; Methodology; Review. Philip Goyns: Software; Formal
Analysis; Validation. Cesar Valderrama: Conceptualisation; Methodology; Review. Vedran

Kapor: Validation; Formal Analysis; Review. Jarrad Wright: Formal Analysis; Validation; Visualisation;
Writing — Secondary Draft. Rudolf Yeganyan: Formal Analysis; Visualisation; Writing — Secondary

Draft. Naomi Tan: Formal Analysis; Visualisation; Writing — Secondary Draft; Writing — Secondary

Draft. Long Seng To: Review. John Harrison: Review. Mark Howells: Conceptualisation, Investigation,
Methodology, Validation, Review.

Acknowledgements

Page 12/20



This paper has been written with the support of the Climate Compatible Growth Programme (#CCG) of
the UK's Foreign, Commonwealth & Development Office (FCDO). The views expressed in this paper do not
necessarily reflect the UK government's official policies.

References

[1] T. Niet, A. Shivakumar, F. Gardumi, W. Usher, E. Williams, and M. Howells, "Developing a community
of practice around an open source energy modelling tool," Energy Strateg. Rev., vol. 35, May 2021, doi:
10.1016/J.ESR.2021.100650.

[2] M. Howells et al, "0SeMOSYS: The Open Source Energy Modeling System. An introduction to its
ethos, structure and development.," Energy Policy, vol. 39, no. 10, pp. 5850—-5870, 2011, doi:
10.1016/j.enpol.2011.06.033.

[3] C.Taliotis et al, "An indicative analysis of investment opportunities in the African electricity supply
sector — Using TEMBA (The Electricity Model Base for Africa)," Energy Sustain. Dev., vol. 31, pp. 50-66,
Apr. 2016, doi: 10.1016/J.ESD.2015.12.001.

[4] K. Loffler, K. Hainsch, T. Burandt, P. Y. Oei, C. Kemfert, and C. Von Hirschhausen, “Designing a Model
for the Global Energy System—GENeSYS-MOD: An Application of the Open-Source Energy Modeling
System (0SeMOSYS),"” Energies 2017, Vol. 10, Page 1468, vol. 10, no. 10, p. 1468, Sep. 2017, doi:
10.3390/EN10101468.

[5] G.Godinez-Zamora et al,, "Decarbonising the transport and energy sectors: Technical feasibility
and socioeconomic impacts in Costa Rica," Energy Strateg. Rev., vol. 32, p. 100573, Nov. 2020, doi:
10.1016/J.ESR.2020.100573.

[6] J.Almulla, O. Broad, F. Shivakumar, Abhishek Gardumi, E. Ramos, and M. Avgerinopoulos, Georgios
Howells, "Model Management Infrastructure (MoManl) Training Manual," 2017.
http://www.osemosys.org/uploads/1/8/5/0/18504136/momani_training_manual-_rev170612.pdf
(accessed Oct. 23, 2020).

[71  C.Cannone, "Towards evidence-based policymaking: energy modelling tools for sustainable
development," UPC Barcelona, 2020.

[8] C. Cannone, “Release clicSAND v1.2 - ClimateCompatibleGrowth/clicSAND - GitHub.” Accessed:
Aug. 05, 2022. [Online]. Available:
https://github.com/ClimateCompatibleGrowth/clicSAND/releases/tag/v1.2.

[9] C.Cannone, L. Allington, and M. Howells, "Hands-on 1: Energy and Flexibility Modelling. Version
3.2.."Mar. 31, 2022, doi: 10.5281/ZENOD0.6401025.

Page 13/20



[10] “OLCreate: June 2022 PUB_5383_1.0 Energy and Flexibility Modelling: 0SeMOSYS & FlexTool
(Windows).” https://www.open.edu/openlearncreate/course/view.php?id=8394 (accessed Jul. 03, 2022).

[11] L. Allington et al,, "Selected 'Starter kit' energy system modelling data for selected countries in
Africa, East Asia, and South America (#CCG, 2021)," Data Br., vol. 42, p. 108021, Jun. 2022, doi:
10.1016/J.D1B.2022.108021.

[12] Track 2: Hands-On 3 (Windows) - YouTube. .

[13] "GLPK-GNU Project - Free Software Foundation (FSF)." https://www.gnu.org/software/glpk/
(accessed Jan. 25,2022).

[14] "coin-or/Cbc: COIN-OR Branch-and-Cut solver." https://github.com/coin-or/Cbc (accessed Jan. 25,
2022).

[15] "CLEWS - Home." http://www.osimosys.org/ (accessed Jan. 25, 2022).

[16] J.Sachs, Y. Meng, S. Giarola, and A. Hawkes, "An agent-based model for energy investment
decisions in the residential sector," Energy, vol. 172, pp. 752-768, Apr. 2019, doi:
10.1016/J.ENERGY.2019.01.161.

[17] "OsemosysCloud." https://www.osemosys-cloud.com/ (accessed Jan. 20, 2022).

[18] C. Cannone, R. Yeganyan, and J. Cronin, "Hands-on: Reducing Number of Timeslices in SAND
Interface," Nov. 2021, doi: 10.5281/ZENODO0.5741262.

[19] R.Yeganyan and C. Cannone, "Additional Hands-on: Reducing Modelling Period," Jan. 2022, doi:
10.5281/ZENODO0.5884467.

[20] "Reduce Timeslices - YouTube." https://www.youtube.com/watch?
v=3mZXEn8cn48&list=PLhLN8V8JSUnLPqC_CdRkr4jp9Dvy3WwmT&index=3 (accessed Jan. 20, 2022).

[21] "Reduce Modelling period - YouTube." https://www.youtube.com/watch?
v=2Ya34nj1JIg&list=PLhLN8V8JSUnLPqC_CdRkr4jp9Dvy3WwmT&index=2 (accessed Jan. 20, 2022).

[22] "EMP-A 2021 - EMP" http://www.energymodellingplatform.org/emp-a-2021.html (accessed Jan. 12,
2022).

[23] "Veusz - a scientific plotting package." https://veusz.github.io/ (accessed Aug. 18, 2022).

[24] J.R. Calitz and J. G. Wright, "Statistics of utility-scale power generation in South Africa in 2020,"
Present. by CSIR Energy Cent. Stat. Util. power Gener. South Africa 2020, 2021, Accessed: Jan. 18, 2022.
[Online]. Available: https://researchspace.csir.co.za/dspace/handle/10204/11865.

Page 14/20



[25] L. Allington et al., "Selected 'Starter Kit' energy system modelling data for South Africa (#CCG),"
May 2021, doi: 10.21203/RS.3.RS-480636/V1.

[26] L. Allington et al., "CCG Starter Data Kit: South Africa," Jun. 2021, doi: 10.5281/ZENOD0.4993812.

[27] Department of Mineral Resources and Energy, "Integrated Resource Plan 2019," 2019. Accessed:
Feb. 09, 2022. [Online]. Available: http://www.energy.gov.za/IRP/2019/IRP-2019.pdf.

[28] E. Burkill, "Green Growth within Kenya's Electricity Sector: An 0SeMOSYS Based Approach to
Formulate Future Policy Strategy.," Imperial College London, 2020.

[29] L. Allington, "Long-Term Modelling of Nigeria's Power System using 0SeMOSYS (Open-Source
Energy Modelling System).," Imperial College London, 2020.

[30] N. Tan, "Evidence-Based Policy-Making: Implementing a Clean Energy Transition in Vietnam's
Power Sector.," 2020.

[31] E. Terpilowski-Gill, "Decarbonising the Laotian Energy System," Imperial College London, 2020.
[32] Joy Montepeque, “Decarbonising Laos’ Transport Sector,” Imperial College London, 2021.

[33] Rudolf Yeganyan, "Modelling pathways to energy security for Armenia using 0SeMOSYS," Imperial
College London, 2021.

[34] "CCG COP26 Side Events Session 2 - Evidence for COP26: bridging the evidence-policy gap -
YouTube." https://www.youtube.com/watch?v=w4GyXWTekx| (accessed Jan. 18, 2022).

[35] "Joint Summer School on Modelling Tools for Sustainable Development | (smr 3581) (14 June
2021 -1 July 2021)." http://indico.ictp.it/event/9549/ (accessed Aug. 24, 2021).

[36] "Joint Summer School on Modelling Tools for Sustainable Development 2022 | (smr 3763) (30
May 2022 - 16 June 2022)." https://indico.ictp.it/event/9879/ (accessed Aug. 23, 2022).

[37] "EMP-A| United Nations Economic Commission for Africa." https://www.uneca.org/?
g=events/african-climate-policy-centre/emp-a (accessed Jan. 18, 2022).

[38] J. Cronin, S. Bawakyillenuo, A. O. Crentsil, S. Pye, and J. Watson, "Greening the COVID-19 Recovery
in Ghana: Electricity investment needs to meet the GH-NDC targets. INSTITUTE OF SUSTAINABLE
RESOURCES Key messages for COP26 Assessing the role of NDCs."

[39] "Climate Change Politics and Policy Degree | Postgraduate study | Loughborough University."
https://www.|Iboro.ac.uk/study/postgraduate/masters-degrees/a-z/climate-change-politics-and-
policy/#modules_semester_2 (accessed Feb. 02, 2022).

Page 15/20



[40] "COP26 Energy Transition Council: 2022 strategic priorities - GOV.UK."
https://www.gov.uk/government/publications/cop26-energy-transition-council-2022-strategic-priorities
(accessed Aug. 23, 2022).

[41] "DESA| United Nations." https://www.un.org/en/desa (accessed Feb. 02, 2022).
[42] "Osemosys.ver.2.0." https://osemosys.herokuapp.com/ (accessed Feb. 02, 2022).

[43] C. Cannone et al., "clicSANDMac for 0SeMOSYS: a user-friendly interface for macOS users using
open-source optimisation software for energy system planning,’ Feb. 2022, doi: 10.21203/RS.3.RS-
1384770/V1.

[44] C.Cannone, N. Tan, A. Kell, de W. Nicki, M. Howells, and R. Yeganyan,
"ClimateCompatibleGrowth/clicSAND for Mac," Jan. 2022, doi: 10.5281/ZENOD0.5925647.

[45] “Release v1.04 - ClimateCompatibleGrowth/clicSANDMac - GitHub.”
https://github.com/ClimateCompatibleGrowth/clicSANDMac/releases/tag/v1.04 (accessed Aug. 23,
2022).

[46] “OLCreate: PUB_5398_1.0 (MacOS Users) Energy and Flexibility Modelling: 0SeMOSYS &
FlexTool.” https://www.open.edu/openlearncreate/course/view.php?id=8409 (accessed Feb. 03, 2022).

[47] C.Cannone, "Hands-on: How to run a SAND Text File on the 0SeMOSYS Cloud," Dec. 2021, doi:
10.5281/ZENOD0.5792875.

[48] A. Shivakumar, "Script to process 0SeMOSYS data files from SAND," 2022.
https://github.com/abhishek0208/sand_osemosys_processing/tree/main (accessed Feb. 02, 2022).

[49] "WYSIWYG Definition & Meaning - Merriam-Webster." https://www.merriam-
webster.com/dictionary/WYSIWYG (accessed Feb. 02, 2022).

Figures

Page 16/20



W Mode

Data Source (xs) io;\CCG_Prmunn Teaching Material OU\1. Hands.on\HO3\test \SAND for Hands-on 3.dsm ] n —| Select Data File
Model [D\CCG _Programme \2_Starter_Ki\2_Runs_SA\osemosys_statedk tt ]"l Select Code
B Rato CB0) 005 [2]

|ITI|  Openlog | Expot Templates . |

Data file: D:\CCG_Programme'\1. Teaching Material OU\1. Hcd'm\PDM\SANwaHuﬁm Iudsm bt -
Mode file: D:NCCG_Programme’\2_Stader_Kit\2_Runs_SA‘\osemosys_star

GLPSOLmele D:\CCG_Programme'\1. Teaching Matesial OU\1- Hl\d!m\PDNﬂ\SANDmeI‘ldeBMh

Results file: D:\CCG_Programme\1. Teaching Material OU\1. Hands-on\HO3\test\SAND for Hands-on 3.dsm results ba

Log file: DACCG, _Programme\1. Teaching Material OU\1. Hands-on\HO3\test\SAND for Hands-on 3.xism20220106111110Jog bt

humrq C:\Users\cara\Loughborough Universty\CCG - SHARED-CCG pamen\ﬁ! OA1_Partnerships'\Starter Kt \chick SAND \click SAND \utils\glpsol exe —check m
D:\CCG_| \2_Starter_Kit\2_Runs_SA‘osemosys_starterkit txt” d "D:\CCG_Programme'\1. Teaching Material OU\1. Hands-on\HO3\test\SAND for
Hands-on 3:xsm bd" -wip "D\CCG_Programme\1. Teaching Material OU\1. Hands-on\HO3\test\SAND for Hands-on 3:xdsm Ip”

GLPSOL: GLPK LP/MIP Solver, v4 61

Pmun]uecﬁedh&ummm

~check m DA\CCG_Programme'\2_! Sia'lc n\z_&m SA\osemosys_starterkil b

4 DACCG Pmmna\'l Teaching Matenal OUN1. Hands-on\HO3'test\SAND for Hands-on 3.dsm tx

-wip D\CCG_Programme\1. Teaching Material OUN1. Hands-on\HO3test\SAND for Hands-on 3xdsmp

Reading model section from D:\CCG_Programme'\2_Stader_Ki\2_Runs_SA‘\osemosys_staterkit bt ..
D:\CCG_Programme'\2_Starter_Kit\2_Runs_SA\ Y kit - 1015: g: final NL missing before end of file

Reading data section from D:\CCG_Programme\1. Teaching Material OUN1. Hands-on\HOJ3'\test\SAND for Hands-on 3.dsmixt .
90834 lines were read

Generating cost
Generating CAa2_TetalAnnualCapacty. .

Ranarsinn CAsl Cansirsind T ansedy [

Figure 1

Overview of the clicSAND software and main functionalities. Green button: data file selection; Blue
button: 0SeMOSYS code selection; Orange Button: initialise solving; Red Button: Export Templates. As
described in Section 2.2.1. the "Open Log" button is not often used; however, it opens a new file in the text
editor—we will disregard it in this paper.

» User does not interact with the command line at any point.
* Works completely offline.
« User friendly SAND Interface based on Excel familiar to most IT = At least 8GB of RAM required to run smoothly.
users. A single spreadsheet to input all the data needed for the « Time-demanding troubleshooting as the software doesn't point at
model using filters. the error.
« Easy and fast installation. « Excel and Microsoft Access software required.
« Fully compatible with the Starter Data Kits models. « Up to 96 timeslices for seasonal representations of intermittent
= Open University certified and free course available for renewable technologies.
self-learning. * Not yet tested for multiregional studies.
+ All 0SeMOSYS parameters represented. = You cannot copy paste vertically if there are filters applied on the
» Available for free as a public good for the general public. Excel file.
+ Available both for Windows and macOS operating machines.

Figure 2

Advantages and Limitations of the clicSAND Software
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Figure 3

Operational flowchart of the clicSAND Software in its first version — fully offline.
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Figure 4

Main functionalities of the SAND Interface Excel Sheets and screenshot of the "Parameters"” Sheet at the
bottom. In green is a list of the graphs that can be visualised with the Template.
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Figure 5a: An increasingly diversified and clean energy mix in the power sector dominated by new-build
variable renewable energy. Figure 5b: By 2050, the least-cost scenario reduced CO2 emissions by ~50%
relative to existing policy and up to 85% if existing coal capacity decommissions by 2040 (Game Change
scenario). Figure 5c¢: If an accelerated transition is desirable (Game Change scenario), increased capital
investment in renewable energy and continued fossil fuel use for now (proxy of imported natural gas) are
needed. Results of the South African case study developed during EMP-A: (a) Comparison of the
electricity production; (b) Comparison of the CO2 emissions of scenarios; (c) Comparison of total costs
(Capital, Fixed O&M, and Fuel costs).
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