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Abstract

This paper investigates the transition of traditional electricity transmission systems into modern, low-carbon network essential
for mitigating climate change and ensuring energy sustainability. The electricity sector remains a major contributor to global
greenhouse gas emissions, making transmission modernization critical for large-scale integration of renewable energy sources
such as solar, wind, and hydro. This study proposes a comprehensive carbon-aware control framework that integrates smart grid
technologies, energy storage systems, and dynamic optimization models to enhance grid efficiency, reliability, and emissions
performance. Using Ghana's power system as a case study, the research develops a MATLAB-based simulation of a 10-bus
transmission network incorporating real-world generation data, load forecasting, and geographical analysis of renewable
potential. Results indicate that integrating renewable energy with energy storage can reduce CO, emissions by up to 50%, from
238,000 kg to 119,000 kg, though economic viability remains challenging without policy support, subsidies, or carbon credits.
The simulation also highlights the role of energy storage in smoothing intermittent generation and maintaining system stability.
Financial analysis and load growth projections reinforce the need for scalable investment models and regulatory reforms to
support long-term de-carbonization. The proposed framework bridges the gap between emissions metrics and grid operations,
offering a robust tool for policy makers, utilities, and researchers. The findings demonstrate that a low-carbon grid is both
technically feasible and environmentally necessary for a sustainable energy future.
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1. Introduction

Climate change remains the defining challenge of our time, Earth's climate system has undergone significant transfor-
with wide-ranging consequences for the planet's ecosystems, mation, driven primarily by human activities such as fossil
economies, and societies. Over the past few decades, the fuel combustion, deforestation, and industrial emissions. The
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Intergovernmental Panel on Climate Change (IPCC) has re-
peatedly highlighted the urgent need to reduce greenhouse gas
(GHG) emissions to limit global warming to well below 2°C
above pre-industrial levels, with an aspirational goal of 1.5°C
to avoid catastrophic impacts [1]. As energy production and
use account for over 70% of global GHG emissions, the de-
carbonization of electricity systems is pivotal to climate miti-
gation efforts [2]. Electricity transmission systems, while not
the direct source of emissions like power generation plants,
play a crucial enabling role in integrating renewable energy
sources (RES), reducing curtailment, and enhancing system
flexibility. Historically designed for centralized, fossil-fuel-
based generation, these systems are increasingly mismatched
with the needs of a decentralized, variable, and renewable-
powered grid [3]. This transition from unidirectional power
flows to dynamic, bidirectional systems introduces new tech-
nical, operational, and regulatory complexities that must be
urgently addressed to meet climate targets. The need to decar-
bonize transmission systems is also grounded in broader en-
ergy security and economic considerations. Renewable energy
sources such as wind, solar, and hydro are not only cleaner but
often less susceptible to price volatility and geopolitical dis-
ruption. By investing in transmission infrastructure capable of
accommodating variable generation, countries can reduce de-
pendence on imported fossil fuels, diversify energy supply,
and build resilient systems against extreme weather and de-
mand fluctuations [4]. The transition to a low-carbon grid re-
quires the deployment of advanced technologies that enhance
grid visibility, flexibility, and control. These include smart
grid systems with integrated sensors, automation, and data an-
alytics; energy storage technologies that buffer supply-de-
mand mismatches; and digital platforms that optimize distrib-
uted energy resource (DER) management [5]. Smart grid de-
ployment is increasingly recognized as the backbone of a sus-
tainable power system, enabling real-time monitoring and
adaptive control to respond to fluctuations in load and gener-
ation [6]. One of the most significant technological enablers
in this context is the integration of high-capacity energy stor-
age systems. These systems provide a range of services, in-
cluding peak shaving, load shifting, frequency regulation, and
backup power during outages. Lithium-ion batteries currently
dominate utility-scale deployments due to their high energy
density, fast response, and falling costs [7]. However, alterna-
tive technologies such as redox flow batteries and vehicle-to-
grid (V2G) solutions are emerging as complementary options
that offer longer lifespans and greater scalability [8]. Moreo-
ver, transmission infrastructure must be modernized to accom-
modate new forms of power flow and control. Technologies
like Flexible AC Transmission Systems (FACTS), High Volt-
age Direct Current (HVDC) transmission, and real-time ther-
mal rating tools are essential for improving power transfer ca-
pacity, reducing losses, and enhancing system stability [9].
HVDC, in particular, enables the long-distance transmission
of electricity generated from remote renewable sites such as
offshore wind farms to urban load centers with minimal losses
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[10]. Beyond technological innovation, successful low-carbon
grid transformation hinges on institutional, policy, and eco-
nomic frameworks. Regulatory reform is necessary to facili-
tate DER integration, incentivize grid flexibility, and enable
new business models such as peer-to-peer trading, demand re-
sponse markets, and carbon pricing mechanisms. Without
clear, supportive policies, the risks of stranded assets, under-
investment, and regulatory uncertainty may hinder progress
[11]. As highlighted in recent studies, coordination among
utilities, governments, private investors, and research institu-
tions is crucial to foster an innovation ecosystem capable of
supporting systemic change [12]. Equity and inclusiveness
must also be central to the low-carbon transition. Energy jus-
tice frameworks emphasize that clean energy should not only
be environmentally sustainable but also socially equitable—
ensuring that marginalized populations are not disproportion-
ately burdened by high costs or service disruptions. In many
regions, including Sub-Saharan Africa, electrification and grid
expansion remain incomplete, presenting both challenges and
opportunities. The integration of renewables in these contexts
offers a dual benefit: expanding access while avoiding carbon
lock-in [13]. Despite progress in modeling and deployment,
significant gaps remain in aligning emission metrics with grid
operations. Many optimization frameworks treat carbon emis-
sions as external parameters, focusing solely on economic dis-
patch or reliability metrics. However, as Corcoran et al. [14]
argue, emissions-aware control architectures are essential to
achieving both climate and operational targets. These frame-
works must integrate real-time data on generation type, sys-
tem congestion, and load variability to optimize for minimum
carbon footprint while maintaining reliability. In addition,
emerging technologies such as Virtual Power Plants (VPPs)
offer promising avenues for aggregating distributed energy as-
sets and orchestrating their behavior as if they were a central-
ized utility-scale generator. VPPs utilize digital platforms to
coordinate diverse resources—including rooftop solar, home
batteries, and electric vehicles—allowing them to provide grid
services such as voltage support, spinning reserves, and ca-
pacity [15]. By enabling decentralized participation in grid op-
erations, VPPs enhance flexibility while democratizing energy
systems. The challenges of decarbonizing transmission sys-
tems are particularly pronounced in developing countries
where capital constraints, infrastructure deficits, and policy
volatility may impede investment. In Ghana, for example, the
transmission network faces reliability issues due to aging in-
frastructure, high technical losses, and underinvestment in re-
newable integration. However, the country's high solar poten-
tial and growing demand present a unique opportunity to leap-
frog fossil-centric models and build a future-ready power grid.
This study uses Ghana’s power system as a case study to eval-
uate the technical and economic feasibility of low-carbon tran-
sition through simulation and scenario analysis. To that end,
this research proposes a dynamic, carbon-aware transmission
control framework that combines optimal power flow models,
adaptive transmission switching, and DER dispatch strategies
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under uncertainty. The approach aims to minimize GHG emis-
sions while maintaining system stability, aligning technical
performance with environmental goals. It further incorporates
policy variables, such as renewable energy targets and carbon
pricing, to assess broader system-level impacts. The simula-
tion-based methodology enables scenario analysis, offering
insights into trade-offs between cost, reliability, and emissions
under different policy and load growth trajectories.

2. Toward an Integrated Carbon-
Conscious Grid

To understand the complexity and interdependencies in-
volved in designing a carbon-conscious smart transmission
network, this literature review synthesizes current research
across five key domains: transmission technologies, smart
grid intelligence, energy storage and flexibility, and policy and
market dynamics. Each section critically evaluates how these
elements contribute to or hinder the development of an opti-
mized, low-carbon transmission ecosystem.

2.1. Evolution of Low-Carbon Transmission
Networks

The transformation of the electricity sector toward decar-
bonization has necessitated a fundamental rethinking of tradi-
tional transmission networks. Historically designed for cen-
tralized, fossil-fuel-based generation with unidirectional flow,
these legacy systems are now challenged by the rise of varia-
ble and decentralized renewable energy sources like wind and
solar [16]. The shift to a low-carbon grid involves not only
integrating clean generation but also modernizing transmis-
sion infrastructure. Technologies such as Flexible AC Trans-
mission Systems (FACTS), High Voltage Direct Current
(HVDC) lines, and real-time dynamic line rating have become
critical for maintaining grid stability and efficiency. HVDC,
in particular, supports long-distance transmission and offshore
wind integration with reduced losses [17]. The optimization of
such networks can be modeled using Optimal Power Flow
(OPF) formulations,

min
PG

2i=1 Ci(Pei) (1)

Subject to:

Pgi — Pp; = ?=1|Vi||Vj|(Gij cos 0;; + Byj sinf;;)  (2)

Where, Pg;is the power generated, Pp; is the load demand,
and the summation term defines power exchanged between
buses, regulated by admittance terms G;j, B;; and phase angle
differences [18]. However, many existing systems remain ill-
equipped to manage the bidirectional, dynamic power flows

required by renewable integration.
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2.2. Smart Grids and Digitalization

The implementation of smart grid technologies is central to
enabling low-carbon networks. Smart grids use digital com-
munication, automation, and IoT-enabled sensors for real-time
monitoring and control. These systems provide adaptive re-
sponses to fluctuations in energy generation and consumption.
Advanced Metering Infrastructure (AMI) and Distribution
Automation (DA) facilitate demand-side management and al-
low users to participate in grid services. Energy storage sys-
tems, particularly battery energy storage, are essential to
buffer intermittency from renewables.

2.3. Integration of Energy Storage and Grid
Flexibility

Energy storage systems (ESS) serve as critical components
in stabilizing low-carbon grids. They balance supply-demand
mismatches, provide frequency regulation, and support black-
start capabilities. Lithium-ion batteries dominate current stor-
age deployments due to their high efficiency and fast response.
The energy balance over a time interval t can be expressed as:

t Pgischarge(T)
E(t) =E,+n fto (Pcharge () - %gef) dr 3)

Where, 1 is the round-trip efficiency, E, is initial energy
stored, Penarges Paischarge TEPresent charge/discharge power
rates [10]. Emerging technologies such as flow batteries and
vehicle-to-grid (V2G) integration are gaining attention for
their potential to add mobility and additional capacity to the
grid. In addition to physical storage, virtual power plants
(VPPs) aggregated flexible resources coordinated via cloud
platforms allow smaller assets to behave like a centralized

generator. VPPs enable higher renewable penetration without
expensive physical infrastructure upgrades.

2.4. Policy Market, and Regulatory Landscape

Technological innovation in low-carbon transmission
must be supported by favourable policy and market mecha-
nisms. Regulatory frameworks need to accommodate new
business models like peer-to-peer (P2P) energy trading,
time-of-use (ToU) pricing, and carbon markets. Many re-
gions lack standardized protocols for interconnecting DERs
to the transmission system, and this slows down the integra-
tion process. Policy uncertainty also deters investment in
long-term storage and transmission infrastructure, especially
in developing economies [19]. For instance, carbon pricing
although theoretically sound has yet to reach adequate levels
to incentivize a full transition. Moreover, remuneration
mechanisms for grid flexibility services remain underdevel-
oped, creating a barrier to storage deployment and demand
response initiatives [20].
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3. Power Grid Characterization in
Developing and Developed Power
Systems

Most low-carbon power system studies are developed
within the context of electricity grids in industrialized econo-
mies, where transmission networks are highly meshed, infra-
structure is modern, and market mechanisms support flexible
operation and investment recovery [16, 18]. These systems
typically exhibit low technical losses, high reserve margins,
and advanced digital monitoring, enabling efficient large-
scale integration of variable renewable energy sources [20]. In
contrast, power systems in African and other developing-
country contexts operate under substantially different tech-
nical, economic, and institutional conditions. Transmission
networks are often weakly meshed or radial, with aging infra-
structure and comparatively high technical losses, frequently
exceeding 15% of total energy delivered [21, 19]. Limited re-
serve margins and constrained system flexibility further in-
crease vulnerability to congestion, curtailment, and reliability
challenges as renewable penetration rises [3]. These structural

constraints directly affect the feasibility and performance of
low-carbon transition strategies. Policy and regulatory envi-
ronments also differ significantly. While developed systems
increasingly rely on liberalized electricity markets, carbon
pricing mechanisms, and ancillary service markets to incen-
tivize flexibility and emissions reduction, many developing
systems remain regulated or hybrid, with evolving regulatory
frameworks and limited incentives for energy storage or de-
mand response participation [11]. In addition, higher costs of
capital and restricted access to long-term financing pose major
barriers to large-scale grid modernization and renewable de-
ployment [22]. These differences underscore the need for con-
text-specific low-carbon transmission solutions. In develop-
ing power systems, transmission-side carbon reduction strate-
gies, such as carbon-aware optimal power flow, storage-as-
sisted congestion management, and adaptive transmission
control, offer practical pathways to reduce emissions while
maximizing the use of existing infrastructure. Table 1 summa-
rizes the key distinctions between developed and developing
power systems that motivate the need for tailored carbon-
aware transmission frameworks.

Table 1. Comparison of Power Grid Characteristics in Developed and Developing Power Systems.

Aspect

Network topology
Transmission losses Low (5-7%)
Infrastructure condition

Reserve margins Adequate to high

Developed Power Systems

Highly meshed and redundant

Modern, regularly upgraded

African / Developing Power Systems

Radial or weakly meshed
High (15-25%)
Aging, under-maintained

Limited

Renewable integration
Grid flexibility resources
Market structure

Carbon pricing

Cost of capital

Data availability

Mature and large-scale
Extensive (storage, DR, markets)
Liberalized, competitive
Established or emerging

Low

High-resolution, real-time

Emerging and constrained
Limited and underdeveloped
Regulated or hybrid

Largely absent

High

Limited or fragmented

4. Limitations of Existing Low-Carbon
Grid Approaches

4.1. Limited Integration of Carbon Metrics into
Transmission Operations

Many existing optimization and planning studies treat car-
bon emissions as external or post-processed indicators rather
than embedding them directly into transmission-level control
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and dispatch decisions. This limits the ability of such frame-
works to achieve real-time or operationally meaningful emis-
sions reductions.

4.2. Oversimplified Treatment of Renewable
Variability and Storage

Several studies focus on renewable integration without ad-
equately modeling intermittency, storage sizing trade-offs, or
operational constraints, often leading to optimistic emissions
reductions that may not be achievable in practice.
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4.3. Insufficient Consideration of Transmission
Constraints

A significant portion of the literature emphasizes genera-
tion-side solutions while underrepresenting the role of trans-
mission congestion, line capacity limits, and network topology,
which can significantly restrict renewable utilization.

4.4. Lack of Context-Specific Analysis for
Developing Power Systems

Many frameworks are developed for mature power systems
and assume strong institutional support, high data availability,
and stable financing, limiting their applicability to developing
countries such as Ghana.

4.5. Weak Integration of Policy and Economic
Factors

Existing technical models often overlook policy instru-
ments, financing conditions, and regulatory constraints, creat-
ing a gap between theoretical feasibility and real-world imple-
mentation.

5. Proposed Carbon-Aware Control
Architecture

The flowchart in Figure 1 outlines a comprehensive, car-
bon-aware control architecture designed to integrate renewa-
ble energy into Ghana's power grid. This architecture balances
operational efficiency, environmental impact, and policy con-
siderations. The system initially imported essential data such
as bus data where information about various nodes in the
power grid, including their types and power demands. In ad-
dition to the bus data was the generator data where details
about power generation units, their locations, and capacities
were also imported into the system. The system also imported
line data. In this case, specifications of transmission lines con-
necting the buses, including reactance values were imported
into the system. This data forms the foundation for subsequent
power flow calculations. Using the power flow method, the
system calculates net power at each bus, voltage angles and
line flows. The results from the power flow calculations are
visualized, providing insights into the operational state of the
grid. This helps in identifying areas that may require attention
or optimization. The system analyzes geographical data to pin-
point regions with high potential for renewable energy gener-
ation, such as areas with abundant solar or wind resources. A
decision is made to determine whether a suitable renewable
energy zone is accessible. The system evaluated how much
renewable energy can be integrated into the grid from the
identified zone, considering factors like transmission capacity
and demand patterns. To address the intermittency of renewa-
ble sources, the system simulated energy storage solutions,
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such as batteries, assessing their capacity, efficiency, and im-
pact on grid stability. The system then modelled how different
policy scenarios, such as varying renewable energy shares, af-
fect carbon emissions, aiding in policy formulation and envi-
ronmental planning. A decision is made to determine whether
the simulated policies achieve the desired emission reductions.
Similarly, a decision is made to determine if the project meets
financial thresholds. The system then projected future energy
demand over a decade, considering factors like population
growth and economic development, to inform long-term plan-
ning. Based on the analyses, the system updates grid expan-
sion plans and policy frameworks to ensure alignment with
sustainability goals and accommodate projected demand.
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Figure 1. Carbon-Aware Control Architecture.
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6. Simulation of Results

This study presents a MATLAB-based simulation of
Ghana’s power transmission system with a focus on renewa-
ble energy (RE) integration, load growth forecasting, emis-
sions analysis, and policy implications. The model captures
the technical, economic, and environmental aspects of energy
transition using simplified grid modelling and optimization
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techniques. Below is a detailed interpretation of the simulation
results. The simulation begins by defining a 10-bus transmis-
sion network, representing key cities and regions in Ghana
(e.g., Accra, Kumasi, Takoradi, Tema). Each bus is catego-
rized as either Slack bus (Type 3) the reference bus balancing
active power in the system, PV bus (Type 2) a generator with
specified power output, PQ bus (Type 1) a load-only node. The
bus data indicate load demands ranging from 30 MW to 150
MW, with Accra as the slack bus handling the largest load.
Generators are distributed across 6 buses, including hydro,
thermal, gas, and solar types. The generation values balance
the system load while enabling decentralized energy supply.
The transmission network is modelled using 15 branches, each
with a defined reactance, allowing for calculation of power
flow.

Ghana Power Grid Layout

Bolgatanga
7,7 MW W
5 oWa
- 205 MW
1.3 MW Sunyani 7.8 MW
< . O \
10.3 MW \ 233 MW
>3 eHo 46:5 MW, ‘ ®Tamale
28.6 MW \
i b 3.8 Mmw
2 184 MW ®Kumasi BANW )
_ 29.2MW
-1%6 MW : )
L] ) ® L]
1 rakoradi 432 MW Tema Koforidua
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Figure 2. (a) The Grid Visualization Overlays Power Flows, (b) The
Renewable Energy Zone in Ghana.

Net injections at each bus (generation - demand) are used
to solve for voltage angles (0), using the B-matrix, derived
from line reactance. These angles represent the phase shift in
voltages that drive power flow across lines. The system
demonstrates stability with moderate angle deviations, indi-
cating feasible load-generation balance. The line flow results
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highlight how energy is transmitted from generation points to
load centres. Lines with higher flows may indicate potential
congestion, useful for identifying upgrade needs. Figure 2(a)
depict the grid visualization overlays power flows on a spatial
layout, providing intuitive insight into the network topology.
Four potential renewable energy zones (e.g., Northern Ghana)
are mapped using geographical coordinates and estimated the
most economical site for a renewable plant. Figure 1(b) repre-
sent the renewable energy zone in Ghana. By minimizing the
product of installation cost and distance from the grid, the sim-
ulation identifies the optimal site for investment. Such analy-
sis is vital in Ghana where resource potential (especially solar)
varies regionally, and infrastructure accessibility plays a key
role in project feasibility. Energy storage is modelled as a cru-
cial component for integrating intermittent renewables. A bat-
tery with a 150 MWh capacity, 60 MW charging rate, and 88%
efficiency is simulated.
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Figure 3. (a) Battery Energy Storage Device Curve; (b) Comparative
Sizing Scenario.

The storage curve in Figure 3(a) shows a gradual energy
increase, flattening as capacity is reached. This underscores
the importance of matching storage size with generation pro-
files to prevent oversizing and underutilization. To further ex-
plain the sizing of the battery and how it was optimized for the
generation profile, synthetic hourly simulation (8,760 hours)
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was developed to assess the impact of battery energy storage
sizing on renewable curtailment and CO, emissions in
Ghana’s 10-bus transmission network. The model combines a
diurnal load profile (peak 640 MW) with variable renewable
generation at 30% penetration (60% solar, 30% hydro, 10%
wind). Battery capacities from 50-300 MWh and 20—-100 MW
are evaluated, applying an 88% round-trip efficiency. At each
time step, surplus renewable energy charges the battery
(within capacity limits), excess is curtailed, and deficits are
met from the battery before resorting to fossil backup (70%
thermal at 900 kg CO»/MWh, 30% gas at 500 kg CO,/MWh).
Annual renewable curtailment and emissions are computed
for each configuration as shown in Figure 3(b), with the base-
line (150 MWh/60 MW) compared to a near-optimal size (175
MWh/60 MW). Heat maps illustrate diminishing returns be-
yond 175 MWh, highlighting the trade-off between storage in-
vestment and emissions benefit. Two complementary emis-
sion scenarios are explored: The first is policy-based emission
reductions as shown in Figure 4. This has a scenario where
renewable energy (RE) shares increase from 20% to 100%
shows a linear decrease in emissions, modelled simply to re-
flect policy ambition outcomes. The bar graph in Figure 5(a)
quantifies the benefits of cleaner energy policies, offering a
clear visual for stakeholders. Also, Figure 5(b) is the Genera-
tor Mix-Based Emission Estimation. This scenario used actual
generator fuel types (e.g., Hydro = 0 kg COo/MWh, Thermal
=900 kg CO/MWh), the simulation calculates emissions be-
fore and after a hypothetical 50% shift from fossil to renewa-
bles. Although, a linear relationship between renewable en-
ergy (RE) share and emissions reduction was adopted for this
analysis, it can be justified as a first-order approximation for
policy simulations or conceptual modelling when dispatch pri-
ority is based on marginal cost or emissions (e.g., renewables
are dispatched first due to zero fuel cost and emissions). Ad-
ditionally, when system constraints like transmission bottle-
necks or minimum generation limits are not dominant. Fur-
thermore, when the goal is scenario analysis rather than high-
resolution operational modelling. Figure 5(a) shows that be-
fore RE shift, emission was 238,000 kg CO,, after RE shift the
emission was 119000 kg CO, and Net Reduction was 119000
kg CO,. This clearly demonstrates how RE penetration di-
rectly contributes to climate change mitigation. A pie chart in
Figure 5(b) also visualizes each fuel type’s contribution, rein-
forcing the case for diversification. A simplified emissions
model was developed as shown in Figure 6 to compare ideal-
ized linear displacement of thermal generation with a nonlin-
ear case accounting for a fixed 5% thermal backup for renew-
able energy (RE) output. For a 1,000 MW system, thermal
share decreases from 100% to 0% in 10% steps, with thermal
emissions calculated at 900 kg CO/MWh. In the linear case,
emissions fall proportionally with RE share, while in the non-
linear case, backup requirements modestly increase emis-
sions—for example, at 50% RE share, emissions rise from
450,000 kg CO> (linear) to 472,500 kg CO; (nonlinear). The
divergence between models grows with higher RE penetration,
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illustrating the influence of backup needs on achievable de-
carbonization. The financial analysis was conducted to estab-
lish if the project is economically favourable. The following
assumption were made: Capital Expenditure (CAPEX): $1.5
million, Operating Expense (OPEX): 10% of CAPEX, Output:
600 MWh, Electricity Tarift: $0.18/kWh. The model shows a
revenue of $108,000, which falls short of covering initial and
operational costs, resulting in a negative profit. While this
seems economically unfavourable, such results often shift
when project scale increases, government subsidies apply, car-
bon credits or green financing mechanisms are included. It
also emphasizes the need for better financial structures and
tariff reforms to support RE deployment. To provide a more
robust economic assessment of the proposed low-carbon elec-
tricity system, the simplified cost- revenue model was ex-
tended to include the Levelized Cost of Energy (LCOE).
LCOE represents the average cost per unit of electricity gen-
erated over a system’s lifetime and is a widely accepted metric
for evaluating the economic viability of energy projects. The
model accounts for capital expenditure (CAPEX), operational
and maintenance cost.
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Figure 5. (a) Emission Before vs After Renewable Integration; (b)
Generator Contribution by Fuel Type.
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Figure 6. Sensitivity Analysis for Both Linear and Nonlinear As-
sumptions.

The MATLAB-based simulation in Figure 7 evaluated
LCOE sensitivity across a range of discount rates (4%—12%)
over a 20-year project horizon. Results indicate that LCOE
values vary between $0.12/kWh and $0.19/kWh, depending
on financing conditions. At a 4% discount rate, the LCOE is
approximately $0.12/kWh, well below the national average
electricity tariff of $0.18/kWh, suggesting strong economic
feasibility under concessional financing. However, at a 12%
discount rate, the (OPEX), and time-value-of-money effects
through discounting. Additionally, a 20% capital subsidy was
introduced to simulate the impact of government or donor-
backed incentives LCOE approaches $0.19/kWh, slightly ex-
ceeding the tariff and rendering the project economically mar-
ginal without additional policy support.

LCOE Sensitivity to Discount Rate with 20% Subsidy
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=048
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Figure 7. LCOE with Sensitivity Analysis.

This analysis highlights that the economic success of re-
newable integration in Ghana is highly sensitive to financing
terms. Favourable conditions such as low-interest loans, capi-
tal subsidies, or carbon revenue mechanisms are crucial to
achieving competitive LCOE values. Integrating such finan-
cial instruments into national energy policy can significantly
accelerate the deployment of low-carbon infrastructure while
ensuring cost-effectiveness. Load Growth Forecasting be-
tween 2025 and 2034 were conducted. Using a 5% annual
growth rate, the simulation projects future demand for each
region.
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Figure 8. Load Growth Forecast. (a) Uniform Annual Load Growth
Rate; (b) Variable Annual Load Growth Rate.
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Load forecasts in Figure 8(a) show exponential increases,
e.g., Accra's load grows from 150 MW to approximately 235
MW over a decade. This has major implication in planning
new generation capacity, upgrading transmission infrastruc-
ture, and ensuring system reliability during peak periods. A
multi-line plot in Figure 8(b) shows each region’s growth tra-
jectory, aiding in identifying high-priority zones for invest-
ment. While this provided a simplified baseline for capacity
planning, it did not reflect the heterogeneous socio-economic
and industrial development patterns across the country. His-
torical load data from GRIDCo, coupled with population
growth rates from the Ghana Statistical Service, reveal signif-
icant variation in demand expansion rates between urban-in-
dustrial centers and rural regions. For instance, metropolitan
areas such as Accra, Tema, and Kumasi exhibit higher demand
growth due to industrialization, commercial activity, and pop-
ulation influx, whereas northern and less urbanized regions
demonstrate slower growth, influenced primarily by rural
electrification programs and agricultural activities. To capture
these differences, the model was enhanced to incorporate re-
gion-specific annual growth rates, ranging from 4.0% in rural
northern areas to 6.0% in high-growth urban centers. This ad-
justment enables more realistic future demand projections
from 2025 to 2034, which are directly integrated into the op-
timal power flow (OPF) and emissions reduction simulations.
The revised forecasting approach improves the accuracy of
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congestion analysis, generation dispatch modelling, and long-
term infrastructure planning. Furthermore, it provides a more
credible basis for assessing the regional impacts of renewable
energy integration, carbon reduction policies, and investment
strategies. The region-specific load growth model projects
Ghana’s total electricity demand to increase from 640 MW in
2025 to approximately 975 MW by 2034, representing an
overall system growth of 52% over the study period. High-
growth metropolitan areas such as Accra and Tema exhibit the
steepest increases, with projected annual demands rising from
150 MW to 254 MW and 90 MW to 152 MW, respectively. In
contrast, lower-growth regions such as Wa and Bolgatanga see
more modest expansions, from 20 MW to 29 MW and 25 MW
to 37 MW, respectively. When integrating these demand fore-
casts into the emissions analysis, the linear model in Figure
9(a), which assumes direct proportional displacement of fossil
fuel generation by renewables, projects annual emissions de-
clining from 4.15 million tonnes CO; in 2025 to 2.12 million
tonnes CO; in 2034 under the modeled renewable energy (RE)
penetration increase from 20% to 50%. This represents a 48.9%
reduction over the decade. The nonlinear model also in Figure
9(b), which includes a 5% fossil backup requirement for RE
generation, yields a smaller reduction, with emissions falling
from 4.15 million tonnes CO, in 2025 to 2.33 million tonnes
CO» in 2034, equivalent to a 43.8% reduction. The divergence
between the two models grows with increasing RE share, il-
lustrating the operational impact of fossil backup require-
ments.
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Figure 9. Comparing Linear and Non Linear Model. (a) Emission
Forecast; (b) Annual CO2 Reduction.
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7. Discussions of Results

The simulation results provide important insights into the
technical, environmental, and economic feasibility of transi-
tioning Ghana’s transmission system toward a carbon-aware
architecture. The modeling demonstrates that renewable en-
ergy (RE) integration, supported by optimally sized battery
storage and modernized transmission infrastructure, can sig-
nificantly reduce greenhouse gas (GHG) emissions while
maintaining system reliability. However, the results also re-
veal critical trade-offs between storage investment, curtail-
ment reduction, and economic viability, highlighting the need
for holistic planning that incorporates technical, financial, and
policy dimensions.

7.1. Integration of Renewable Energy and
Storage

Battery energy storage emerged as a crucial enabler of RE
integration, particularly by reducing curtailment and displac-
ing fossil backup generation. The near-optimal configuration
at approximately 175 MWh highlights the principle of dimin-
ishing returns beyond certain storage thresholds. This finding
is consistent with global analyses showing that the majority of
system benefits from storage occur at moderate durations,
with incremental gains tapering off [7, 8]. Nonetheless, the
present model primarily considered energy arbitrage, underes-
timating the broader value of storage in providing ancillary
services such as frequency regulation, reserves, and black-
start capabilities [7].

7.2. Emissions Pathways and Nonlinearities

Two contrasting emissions trajectories were analyzed: a lin-
ear displacement model and a nonlinear model requiring a
minimum fossil backup. The nonlinear case produced more
modest emissions reductions, particularly at higher RE pene-
trations, reflecting the operational need for firm, dispatchable
generation. Similar nonlinearities are observed in advanced
system studies where unit commitment, minimum stable gen-
eration, and reserve requirements limit fossil displacement
[14]. These findings reinforce the importance of embedding
emissions explicitly within optimal power flow (OPF) and
unit commitment formulations, as proposed by Corcoran et al.
[14].

7.3. Transmission Infrastructure and Control
Strategies

Transmission line flow analysis identified congestion risks,
underscoring the role of advanced transmission technologies
in enabling a low-carbon grid. Interventions such as Flexible
AC Transmission Systems (FACTS), High Voltage Direct
Current (HVDC) lines, and adaptive transmission switching
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can significantly increase transfer capability and support re-
newable integration. These technologies are widely recog-
nized in the literature as critical enablers of system flexibility
and efficiency [9, 10]. Incorporating such measures into
Ghana’s grid expansion strategy will be vital to maximize uti-
lization of its abundant solar and hydro resources.

7.4. Economic Viability and Financing
Conditions

The levelized cost of energy (LCOE) sensitivity analysis
demonstrated that financing conditions decisively shape pro-
ject feasibility. At concessional rates, the LCOE falls below
the national average tariff, indicating strong competitiveness,
whereas higher discount rates render the project marginal.
This result is consistent with international evidence that the
cost of capital is a primary determinant of renewable energy
deployment in developing economies [11, 12]. Policy instru-
ments such as concessional loans, subsidies, and carbon credit
mechanisms are therefore essential to unlock cost-effective
low-carbon investments in Ghana.

7.5. Limitations

While the simplified 10-bus model provided transparency,
it cannot fully capture the operational and spatial complexities
of Ghana’s transmission system. Critical aspects such as unit
commitment, ramping limits, and ancillary services were not
modeled, leading to potential overestimation of fossil dis-
placement. Renewable generation was represented using syn-
thetic profiles rather than multi-year, high-resolution datasets,
and hydrological variability, a key factor in Ghana’s hydro-
based system, was not considered [13]. These limitations
mean that the present results should be interpreted as indica-
tive trends rather than definitive forecasts. The energy storage
system was modeled using fixed power and energy capacity
parameters without explicitly coupling power limits to capac-
ity variation or degradation effects. This simplified represen-
tation is appropriate for system-level transmission planning
and emissions analysis, but future work could incorporate
coupled power, energy dynamics and degradation modeling to
support asset-level optimization and long-term storage lifecy-
cle assessment.

7.6. Future Research Directions

Several avenues for future work emerge. First, expanding the
framework into a security-constrained unit commitment (SCUC)
model would capture the nonlinear dynamics of generation, backup
requirements, and emissions [14]. Second, integrating multi-year
hydro inflow scenarios would account for climate risks to Ghana’s
hydropower. Third, valuing battery degradation and multi-service
participation (e.g., reserves, capacity) would provide a more accu-
rate basis for storage economics [7, 8]. Fourth, transmission plan-
ning studies incorporating FACTS, HVDC, and adaptive topology
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control should be conducted to evaluate congestion management
strategies [9, 10]. Finally, socio-economic considerations such as
tariff affordability, equity in access, and energy justice must be em-
bedded into future models to ensure that the low-carbon transition
advances inclusively [13].

8. Conclusion

The global imperative to mitigate climate change has placed
the transformation of electricity transmission systems at the
forefront of sustainable development. This study has provided
an in-depth examination of the technical, economic, and envi-
ronmental dimensions of advancing a low-carbon electricity
transmission network, with Ghana’s power system as a repre-
sentative case. Simulation results from the 10-bus model, incor-
porating generation and load data across key regions such as
Accra, Kumasi, and Takoradi, reveal that a strategic integration
of renewable energy and storage can substantially reduce car-
bon emissions. Specifically, a 50% shift from fossil fuels to re-
newable sources resulted in a reduction of emissions from
238,000 kg CO- to 119,000 kg CO, a 50% decrease. These fig-
ures underscore the significant climate mitigation potential of
renewable integration. Energy storage, simulated using a 150
MWh battery with a 60 MW charge rate and 88% round-trip
efficiency, proved vital for smoothing intermittent generation
and supporting grid reliability. Load growth forecasts indicated
a 5% annual increase in electricity demand, with Accra’s load
projected to rise from 150 MW in 2025 to approximately 235
MW by 2034. This growing demand further emphasizes the
need for proactive infrastructure upgrades and strategic plan-
ning. Economically, the project faced initial shortfalls. With
capital expenditure (CAPEX) estimated at $1.5 million, operat-
ing costs at 10% of CAPEX, and annual output of 600 MWh,
the expected revenue at a tariff of $0.18/kWh was $108,000 in-
sufficient to cover total costs. However, this gap can be miti-
gated with economies of scale, government subsidies, green fi-
nancing, or carbon credits, making such projects more finan-
cially viable in the long term. In conclusion, the transition to a
carbon-conscious transmission system is both necessary and
achievable. The numerical results presented affirm that with the
right mix of technology, policy support, and investment frame-
works, substantial emissions reductions can be realized without
compromising grid stability. As demand continues to grow and
climate targets tighten, the carbon-aware, digitally enhanced
transmission grid will be an indispensable pillar of a sustainable
energy future. Compared to existing work, which predomi-
nantly focuses on generation-side decarbonization or treats car-
bon emissions as an external performance metric, this study ad-
vances a transmission-centric and carbon-aware framework that
explicitly embeds emissions considerations into grid operation
and planning. By highlighting the enabling role of transmission
infrastructure, energy storage, and system-level control, rather
than solely generation technology, the proposed approach com-
plements and extends conventional decarbonization strategies.
Moreover, applying the framework to Ghana’s power system
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addresses a critical gap in the literature, demonstrating how
low-carbon grid solutions can be adapted to developing econo-
mies characterized by infrastructure constraints, high invest-
ment costs, and evolving policy environments. In summary, this
study reinforces that Ghana’s low-carbon transition is techni-
cally feasible but highly dependent on optimal storage sizing,
modern transmission upgrades, supportive policies, and favora-
ble financing. By embedding emissions-awareness into plan-
ning and operations, Ghana can address climate, reliability, and
energy access challenges simultaneously. Future research
should therefore prioritize integrated, carbon-conscious models
that combine technical, financial, and social dimensions to
guide sustainable grid transformation.
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