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Abstract—The green growth paradigm aims to harmonize
economic growth with environmental sustainability. Electricity is
essential for economic development, and if its associated carbon
emissions are sufficiently low, it is a key enabler of green growth
and sustainable development. Zambia, a developing country, had
only 32.5% of households with access to electricity in 2022.
This paper provides a comprehensive overview of power system
modeling tools applicable in Zambia and evaluates the ongoing
and completed power system modeling initiatives in the Zambian
energy space. The study discusses the key features, applicability,
and relevance of various modeling tools, including PyPSA-Earth,
0SeMOSYS, MAED, MESSAGE, and WASP. Findings indicate
that while many tools are available, the selection and adaptation
of these tools are crucial for addressing the specific challenges in
Zambia’s power system. This paper aims to support the strategic
planning necessary to achieve a sustainable low-carbon energy
transition in Zambia.

Index Terms—Sustainable Development, Low-Carbon Energy,
Power System Modeling, Zambia, Energy Transition

I. INTRODUCTION

In Zambia, the pursuit of green growth and sustainable
development aligns with broader African trends. The country’s
forthcoming Green Growth Strategy [1] reflects this shift,
aiming to balance economic expansion with environmental
stewardship. Central to this strategy is the role of electricity,
recognized globally as pivotal for development [2]. However,
as of 2022, only 32.5% of Zambian households had electricity
access [3], highlighting a critical need for electrification to fuel
economic progress and meet national development objectives,
such as achieving an electrification rate of 100% by 2030 [3].
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Zambia’s economy is significantly influenced by the min-
ing, manufacturing, and agricultural sectors, all of which are
vulnerable to climate variability and energy shortages. For
instance, in 2015, Zambia’s copper output fell short of targets
due to low prices and power shortages, underscoring the
sensitivity of its mining sector to external and internal shocks
[4, 5]. Similarly, the manufacturing sector, which contributes
about 7% to GDP, has seen productivity declines of 60-70%
due to energy deficits caused by reduced rainfall [6, 4, 7].
The agricultural sector, employing over 60% of the population,
has also suffered from erratic climatic conditions, impacting
household welfare and livelihoods [8, 6, 4, 9].

The challenge of expanding electricity access involves more
than simply connecting households; it necessitates strategic
capacity expansion within the power system. Decisions about
which power plants and transmission lines to develop, their
locations, and timing are crucial for cost-effectiveness and
system reliability. Optimization and power systems modeling
offer a structured approach to this complex task. Beyond
cost, considerations of reliability and environmental impact
are paramount. Zambia’s experiences with load shedding un-
derscore the importance of a reliable power system that can
overcome challenges like droughts and demand fluctuations
[3]. Balancing these factors, particularly in the context of cli-
mate change, requires careful analysis and scenario planning.

This paper aims to analyze and propose the use of specific
power system modeling tools to address the challenges in
Zambia’s power system planning, particularly in achieving
100% electrification by 2030.

The rest of the paper is structured as follows. Section II
gives the literature review of the open-source power system
modeling tools, including those applicable in the Zambian
context. The energy modeling initiatives in Zambia are docu-
mented in Section III. Section IV provides discussions. Finally,
Section V concludes the paper.



II. LITERATURE REVIEW

Power system modeling is essential for planning, designing,
and operating electric power systems [10]. Various tools have
been developed to model different aspects of power systems,
including static and dynamic models, small-signal models, and
tools for planning and design, operation and control, stability
analysis, and protection [11] [12]. This section reviews the
key features, strengths, and limitations of several power system
modeling tools relevant to sustainable development in Zambia.

A. PyPSA-Earth

PyPSA-Earth is an innovative open-source global energy
system model that integrates new data and functionalities for
energy transition studies and policy formulation. While it
offers high spatial and temporal resolution, making it useful for
global and regional energy modeling, it may have limitations
when applied to the specific needs of Zambia’s power system.
Despite being a global model, its open-source nature and
adaptability make it a potential candidate for localized studies
with appropriate modifications.

A representation of the PyPSA-Earth workflow can be found
in Figure 1. Data is collected and processed to be then fed
into the PyPSA model framework, which enables performing
the desired optimization studies, such as least-cost system
transition scenarios [13] [14].
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Fig. 1. PyPSA-Earth model design. Source: [13] .

B. 0SeMOSYS

0OSeMOSYS is a versatile tool designed for the development
of energy strategies at various scales. It is known for its
flexibility, open-source accessibility, and multilingual support,
making it a valuable tool for capacity building and robust
energy system modeling. Its ability to handle multi-resource
systems and detailed power representations makes it particu-
larly useful for countries like Zambia, where diverse energy
resources need to be managed efficiently [15].

A high-level overview of OSeMOSYS Global’s workflow is
shown in Figure 2 below. The green boxes highlight where the
user interfaces with the model, while the blue boxes highlight
automated actions that run behind the scenes.
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Fig. 2. OSeMOSYS Global’s workflow. Source: [16].

C. Model for Analysis of Energy Demand (MAED)

MAED predicts future energy requirements based on con-
sistent assumptions about long-term changes in a country’s
socioeconomic, technological, and demographic aspects. This
tool is useful for forecasting energy demand across various
sectors, providing valuable insights for planning and policy-
making.

Figure 3 shows the major inputs and outputs of this model
[17].
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Fig. 3. Major inputs and outputs of MAED. Source: [17].

D. Wien Automatic System Planning Package (WASP)

WASP is used for planning electricity needs in developing
nations. It assists in creating optimal expansion plans for
generating power, considering specific local constraints such
as limited fuel availability and emission regulations. WASP
evaluates different capacity addition scenarios to meet demand
while ensuring system reliability [18] [19].

Figure 4 shows the major inputs and outputs of this model.

E. Model for Energy Supply Strategy Alternatives and their
General Environmental Impacts (MESSAGE)

MESSAGE uses energy chains to map out energy flows
from extraction to end-use. It is useful for long-term energy
planning and policy testing, analyzing factors such as cost,
investment, energy security, resource efficiency, technology
adoption, and environmental limitations [20]. Figure 5 shows
the major inputs and outputs of this model.
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Fig. 5. Major inputs and outputs of MASSAGE. Source: [20].

FE. Summary of the Key Features of the Modeling Tools

The modeling tools reviewed in this study—PyPSA-Earth,
0SeMOSYS, MAED, MESSAGE, and WASP—each have
unique features tailored to specific aspects of power system
modeling. PyPSA-Earth focuses on power systems with high
spatial and temporal resolution and is open-source, though it
has a steeper learning curve. OSeMOSYS is versatile and
scalable, supporting multi-energy systems (electricity, heat,
gas) with both linear and non-linear options. It is also open-
source and offers a user-friendly interface, making it suitable
for policymakers and energy consultants.

MAED is primarily used for power systems and is well-
suited for unit commitment and dispatch, though it may not
handle complex system analysis well. It is partially open-
source and focuses on cost minimization. MESSAGE, another
open-source tool, caters to multi-energy systems and excels in
long-term planning and policy analysis, though it can be com-
putationally expensive for large systems. Lastly, WASP, which
is a commercial tool, provides fast and efficient operational
planning for power systems but has limited representation of
power system dynamics.

In terms of data requirements, PyPSA-Earth, MAED, and

WASP require high data inputs for power system compo-
nents, while OSeMOSYS and MESSAGE have moderate
data requirements. Typical users of these tools range from
researchers and power system operators to policymakers and
energy consultants, highlighting the diverse applicability and
user base of these modeling tools.

Integrating advanced modeling tools such as PyPSA-Earth,
0SeMOSYS, MAED, MESSAGE, and WASP can signifi-
cantly enhance Zambia’s ability to plan for a resilient and sus-
tainable power system. These tools can support comprehensive
scenario analysis, optimize energy resource utilization, and
facilitate strategic planning to mitigate the impacts of climate
variability on the economy.

III. ENERGY MODELING INITIATIVES IN ZAMBIA

This section explores the key modeling initiatives under-
taken in Zambia’s energy sector, examining their objectives
and findings. These initiatives provide valuable insights into
the country’s energy transition outlook and the applicability
of various modeling tools.

A. Integrated Resource Plan (IRP)

The IRP aims to transform Zambia’s power sector over 30
years, focusing on diversity, resilience, financial stability, and
quality service provision. It integrates demand and supply-side
resources for optimal energy planning. The project, supported
by UK Aid and other cooperating partners, officially launched
in 2022 [21].

B. Zambia Energy Transition Study

This study explores energy transition scenarios using OS-
eMOSYS and FlexTool. It assesses capacity planning, cost-
effective generation, emissions reduction, and system flexibil-
ity, providing valuable insights into Zambia’s energy transition
outlook [22].

C. Integrated Energy Demand-Supply Modeling

A model was developed to assess the impact of various sce-
narios on energy demand and supply in Zambia compared to a
baseline (2019) scenario. This study highlights the potential for
renewable integration and emission reductions, emphasizing
sustainable energy planning [23].

D. Hydro—Connected Floating PV and Onshore Wind Poten-
tial

Research focuses on enhancing Zambia’s hydro-dependent
system resilience with floating PV and wind power. The study
addresses challenges in load management strategies, particu-
larly in light of climate change-induced droughts, emphasizing
the need for diversification in the energy mix [24].

E. System Studies for Renewable Integration

A systematic approach was employed using geospatial map-
ping and modeling to evaluate renewable energy integration
readiness. This study highlights the contribution of variable
sources in meeting energy demands sustainably [25].



FE. Transition Pathways Toward Inclusive Growth (TRAP-ZM)

TRAP-ZM facilitates long-term energy planning through
collaborative modeling, leveraging local input and qualitative
scenarios. This initiative offers valuable insights into potential
energy futures [26].

G. Solar PV Performance and Financial Modeling

An analysis was conducted to assess solar PV feasibility for
grid-connected homes, focusing on technical performance and
financial viability. This study highlights the role of renewable
energy in addressing Zambia’s energy needs [27].

These initiatives showcase Zambia’s proactive approach to
adopting diverse strategies for sustainable energy planning and
development, with each project contributing valuable insights
into the country’s energy transition journey.

IV. RESULTS AND DISCUSSION

The studies reviewed indicate that Zambia is making sig-
nificant strides in energy modeling and planning, with a
focus on integrating renewable energy sources to achieve
a sustainable low-carbon future. The key findings from the
various initiatives and tools used highlight the importance of
selecting appropriate modeling tools tailored to the specific
needs of Zambia’s power system.

A. Specific Needs of Zambia’s Energy Sector

Zambia’s energy sector faces unique challenges, including
limited access to electricity, dependence on hydroelectric
power, and vulnerability to climate change-induced droughts
[28]. The reviewed tools offer various capabilities to address
these issues. For example, OSeMOSYS and MESSAGE are
well-suited for evaluating different energy mix scenarios,
including the integration of renewable energy sources like
solar and wind. PyPSA-Earth’s high-resolution modeling can
support detailed spatial planning, while WASP’s ability to
optimize power generation expansion under specific local
constraints is crucial for ensuring system reliability and cost-
effectiveness. MAED’s capability to forecast energy demand
based on socioeconomic trends is essential for planning to
meet future energy needs effectively. Overall, these tools can
be adapted and integrated to form a comprehensive approach
to addressing Zambia’s unique energy challenges.

B. Key Findings from Modeling Initiatives

The IRP highlights the need for a diverse and resilient power
sector, incorporating renewable energy sources to reduce de-
pendence on hydroelectric power and enhance system reliabil-
ity [21]. The Zambia Energy Transition Study underscores the
potential for significant emissions reductions and cost savings
through the adoption of renewable energy technologies [29].
The Integrated Energy Demand-Supply Modeling initiative
emphasizes the importance of sustainable energy planning to
meet future demand while minimizing environmental impacts
[23]. Research on Hydro—Connected Floating PV and Onshore
Wind Potential suggests that diversifying the energy mix with
solar and wind power can improve system resilience against
climate change-induced droughts [27].

C. Implications for Policy and Practice

The findings from these studies have important implications
for energy policy and practice in Zambia. Policymakers should
prioritize the integration of renewable energy sources and
the development of a resilient power infrastructure to meet
the country’s electrification targets. The use of advanced
modeling tools can support evidence-based decision-making,
enabling the development of cost-effective and sustainable en-
ergy strategies. Additionally, fostering local capacity in power
system modeling and analysis is essential for the successful
implementation of these strategies.

D. Recommendations for Future Research

The common trends identified in this review suggest that
future research should focus on refining and adapting existing
modeling tools to better address the specific needs of Zambia’s
energy sector. This includes developing more detailed local
data inputs, enhancing the capability of models to simulate
the impacts of climate change on hydropower resources, and
exploring the integration of emerging technologies such as
energy storage and smart grid solutions. Collaboration with
international research institutions and leveraging open-source
tools can further enhance the robustness and applicability of
energy modeling efforts in Zambia.

V. CONCLUSION

In summary, this review provides a comprehensive overview
of power system modeling tools and their application in
Zambia’s energy sector. Using power system modeling tools
effectively is crucial for improving Zambia’s energy security
and economic resilience. These tools help address the weak-
nesses of key economic sectors that are affected by climate
changes and energy shortages. By doing so, they support the
creation of strong energy strategies that encourage sustainable
growth and help reduce economic inequalities.

The analysis highlights the critical role of these tools in sup-
porting the country’s transition to a low-carbon and sustainable
energy future. By leveraging the strengths of various modeling
tools and addressing the specific challenges faced by Zam-
bia’s power system, policymakers and researchers can develop
effective strategies to enhance energy access, reliability, and
sustainability. Continued investment in modeling capabilities
and data collection, along with international collaboration,
will be essential for achieving Zambia’s electrification and
sustainability goals.
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