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Abstract. In recent years, Romania has experienced a significant increase in the share of renewable energy 

sources in electricity generation, driven by European climate policies and national decarbonization targets. 

However, the integration of variable renewable energy sources introduces operational challenges related to 

power flows, network congestion, and carbon emission allocation. This paper analyzes the current structure 

of the Romanian power system and evaluates the applicability of the Carbon Power Flow (CPF) method for 

assessing the spatial and operational distribution of CO₂ emissions. Using national-level data and a regional 

case study, the study highlights the role of fossil-based generation, network constraints, and dispatch 

strategies in shaping the carbon footprint of electricity consumption.

1 Introduction 

During the 2023–2024 period, Romania recorded a 

significant increase in the share of renewable energy 

sources in total electricity generation, reaching 

approximately 35% of national output. The main 

contributions come from hydropower, wind energy, and 

solar energy, according to data provided by the 

International Energy Agency (IEA) [1]. 

The installed capacity of power plants using 

renewable energy sources continues to be dominated by 

hydropower, followed by wind energy with 

approximately 3,026 MW, and photovoltaic energy with 

a net installed capacity of 1,624 MW at the beginning of 

2024. Biomass- and biogas-based sources account for a 

relatively small share; however, they are on an upward 

trend [2]. 

As a Member State of the European Union, Romania 

has committed to ambitious targets for reducing 

greenhouse gas emissions and increasing the share of 

energy from renewable sources, in line with the 

objectives of the European Green Deal. The National 

Integrated Energy and Climate Plan (NECP) for the 

2021–2030 period sets a target of at least 36% renewable 

energy in gross final energy consumption by 2030 [3]. 

The achievement of these objectives depends on the 

modernization of electricity transmission and 

distribution infrastructure, the implementation of 

auctions under the Contracts for Difference (CfD) 

mechanism, and the availability of adequate investment 

financing for the energy sector [4]. 

Although Romania’s energy transition is 

progressing, the process is accompanied by practical 

challenges. In particular, limitations of the national 

power grid (the National Energy System – NES) and 

 
* Corresponding author: georgiana.gutu@upb.ro 

delays in the completion of grid connection projects lead 

to curtailment periods, during which electricity 

production from renewable sources must be temporarily 

reduced to maintain system stability [5]. 

At the same time, in the current geopolitical context 

and given the need to ensure energy security, Romania 

continues to rely on natural gas as a transition fuel, due 

to its ability to respond rapidly to demand fluctuations. 

In parallel, nuclear energy contributes to the stability 

and decarbonization of the power system, while the 

development of energy storage capacities—through 

pumped-storage hydropower plants, batteries, or 

hydrogen—will provide the flexibility required by the 

NES to integrate an increasingly higher share of 

renewable energy sources [6]. 

Table 1. The evolution of renewable sources. 

Indicator 2020 2024 2030 

(NECP 

target) 

2050 

(projection) 

Total renewable 

capacity (GW) 

8.1 10.8 15.2 25.0 

Electricity 

generation from 

renewable 

sources (TWh) 

18.9 21.8 30.0 45.0 

Share of 

renewables in 

total electricity 

generation (%) 

31.6 35.1 42.0 60.0 

CO₂ emissions 

(Mt) 

24.3 20.7 15.0 <5.0 

These data highlight a clear trend of increasing the 

share of renewables, accompanied by an accelerated 
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decrease in carbon emissions and a diversification of 

energy sources. 

2 Overview of the Romanian power 
system  

Romania’s energy system is characterized by a 

relatively balanced generation mix that includes both 

conventional sources and low-carbon energy sources. 

Electricity generation relies on coal- and natural gas-

fired thermal power plants, hydropower plants, nuclear 

units, as well as significant capacities of variable 

renewable energy sources, particularly wind and 

photovoltaic generation. This diversity contributes to 

security of supply, but at the same time it creates 

operational challenges in the context of the energy 

transition [7]. 

 Coal-based generation continues to play an 

important role in ensuring baseload power and system 

reserves; however, it represents one of the main sources 

of CO₂ emissions in the power sector. In parallel, natural 

gas-fired power plants are predominantly used for 

regulation and balancing purposes due to their 

operational flexibility, but they also contribute to total 

carbon emissions. Nuclear and hydropower plants 

provide stable, low-emission electricity generation, 

while wind and photovoltaic sources introduce 

variability and uncertainty into system operation. 

 The Romanian electricity transmission network, 

operated by Transelectrica, is integrated into the 

European interconnected ENTSO-E system and plays a 

key role in facilitating cross-border electricity 

exchanges. Nevertheless, certain areas of the network 

experience capacity limitations and congestion, 

particularly in the context of the rapid growth of 

renewable generation capacities, which affects power 

flows and the geographical distribution of electricity 

production. 

 From a carbon emissions perspective, the current 

structure of the energy system leads to an uneven 

distribution of emission intensities across electricity 

network nodes. This situation is exacerbated by 

economic dispatch mechanisms and network 

constraints, which may result in the activation of high-

emission generating units in specific areas of the system. 

In this context, the use of Carbon Power Flow methods 

enables a detailed assessment of the relationship 

between electricity flows and associated emissions, 

providing a more accurate representation of the 

environmental performance of the Romanian power 

system. 

 Carbon emissions associated with electricity 

generation in Romania originate mainly from fossil-fuel 

thermal power plants, particularly those using coal and 

natural gas. Lignite- and hard-coal-fired power plants 

exhibit the highest CO₂ emission intensities per unit of 

generated energy, due to the high carbon content of the 

fuel and the relatively low thermal efficiencies of 

existing generating units. These plants represent a 

significant share of total power sector emissions, despite 

the gradual reduction of their contribution to the 

generation mix. 

 Natural gas-fired power plants contribute to carbon 

emissions to a lesser extent than coal-fired units; 

however, their operational role in ensuring system 

flexibility and balancing makes them relevant from an 

emissions perspective, especially during periods of low 

renewable energy production. Emissions associated 

with these units depend directly on their operating 

regime, energy conversion efficiency, and the frequency 

of start-ups and shut-downs, which can increase specific 

emission intensities. 

 During winter periods, when electricity demand is 

high and photovoltaic generation is unavailable, the 

national power system continues to rely on coal- and 

hydrocarbon-based energy sources. 

 

Fig. 1. The energy mix on a winter day. 

Table 2. Simplified presentation of the generation mix in the 

period 2023-2025. 

Energy Source Approximate Share in 

Electricity Production 

Nuclear ~40% 

Coal / Lignite ~29% (fluctuates and tends to 

decrease) 

Solar Photovoltaic ~8–15% (increasing) 

Hydroelectric ~7–8% 

Wind ~3–4% 

Biomass / Other 

Renewables 

~5% 

Natural Gas and 

Others 

~5% 

 

The Romanian energy system faces several 

structural and operational challenges that affect both 

power flows and the distribution of carbon emissions. 

1. Congestion and capacity limitations: In certain 

areas of the country, particularly in regions experiencing 

rapid growth of wind and photovoltaic capacities, 

existing transmission lines frequently reach their 

capacity limits. This situation requires redispatch 

actions and the activation of fossil-fuel-based power 

plants, which may lead to an increase in total emissions, 

even in periods of high renewable energy production. 

2. Variability and predictability of renewable 

energy sources: The integration of wind turbines and 

photovoltaic systems introduces production variability 

and challenges in maintaining the balance between 

electricity supply and demand. In the absence of 

adequate storage systems or reserve capacity, system 

operators must compensate by dispatching gas- or coal-

fired units, thereby increasing emission intensities 

during certain time intervals. 
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3. Infrastructure modernization and equipment 

aging: A significant portion of the transmission network 

and power transformers was built during the communist 

period, and their performance is limited compared to 

current operational requirements. Equipment aging can 

lead to higher technical losses and an increased 

probability of network incidents, negatively affecting 

both system security and the optimal distribution of 

power flows and associated emissions. 

4. Integration with the European power system: 

Romania is part of the interconnected ENTSO-E system, 

which creates opportunities for cross-border electricity 

exchanges. However, the coordination of power flows 

and dispatch strategies with neighboring transmission 

system operators requires advanced planning and 

emission assessment models in order to avoid the 

indirect outsourcing of carbon emissions to other 

countries. 

5. Complexity of carbon emission allocation: Due 

to the mixed generation structure and frequent 

redispatch actions, accurately determining the carbon 

footprint of individual consumers or network nodes is 

challenging. Carbon Power Flow analyses become 

essential for providing a realistic representation of 

emission distribution and for guiding operational 

decisions and investments in low-carbon infrastructure. 

3 Application of carbon power flow 

Carbon Power Flow (CPF) analysis represents an 

advanced tool for assessing the operational impact of 

power systems on CO₂ emissions [8]. It extends classical 

power flow models by associating each generator with a 

specific emission intensity, enabling the determination 

of the individual contribution of generation units to the 

emissions allocated to consumption nodes and 

transmission lines. In [9], a carbon emission flow 

calculation model is proposed that also accounts for 

network losses. 

In the context of the Romanian power grid, CPF can 

be used for: 

• Regional carbon footprint assessment, by 

identifying high-emission areas generated by 

coal-fired power plants in the Oltenia region or 

by energy-intensive industrial zones. 

• Dispatch optimization in the presence of 

renewable energy sources, in order to 

minimize the activation of fossil-fuel-based 

power plants during periods of high wind or 

solar generation. 

• Supporting investment decisions in grid 

infrastructure and clean technologies, by 

simulating the impact of integrating new 

renewable power plants or upgrading 

transmission lines. 

The Oltenia region is one of the most important 

electricity production areas in Romania, with a 

significant share of coal-fired power plants (lignite and 

hard coal). At the same time, the region has begun 

integrating increasing photovoltaic capacities, which 

creates challenges for power flows and for the 

distribution of carbon emissions. 

3.1 System configuration 

For the case study, we consider: 

 

Fig. 2. Simplified schematic of the transmission network in the 

Oltenia region. 

The network includes several main nodes: 

• Aref, characterized by the presence of 

hydropower plants, in particular the Vidraru 

facility; 

• Slatina, characterized by the presence of a 

large industrial consumer; 

• Domnești, characterized by the presence of the 

largest concentration of urban consumers; 

• Turceni and Rovinari (Urechești), 

characterized by the presence of coal-fired 

power plants. 

Electricity generation from photovoltaic power 

plants is connected at the 110 kV voltage level and is not 

illustrated in the schematic above. 

Table 3. Power plants type in Oltenia region. 

Power plant 

type 

Installed 

capacity 

CO₂ emission factor 

(kg/MWh) 

Coal 1.5 GW 900 

Hydropower 0.3 GW 0 

Photovoltaic 0.2 GW 0 

3.2 Energy and carbon flow calculation 

Power flows were calculated using a simplified AC load 

flow model. Carbon flows (Carbon Power Flow) are 

allocated proportionally to the contribution of each 

generator to the power flows, as follows: 

• Coal: 1.5 GW × 900 kg/MWh → 1.35 × 10³ 

tCO₂ for the analyzed period 

• Hydropower and wind: 0 tCO₂ 

The carbon footprint of the Tăntăreni node is 

dominated by coal-based generation, despite the 

presence of renewable energy capacities in the region. 

3.3 Observations and opportunities 

Emission reduction through dispatch optimization: 

Redispatching photovoltaic and hydropower units 

can reduce the activation of coal-fired power plants, 

thereby lowering total emissions at the node level. 
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Identification of critical areas: 

The Tăntăreni node represents a “carbon hotspot.” 

Investments in energy storage systems or transmission 

lines would reduce congestion and the activation of 

fossil-fuel-based units. 

Energy transition scenarios: 

a) Increasing photovoltaic capacity to 0.5 GW → 

estimated emission reduction of approximately 

20% at the central node. 

b) Replacing a coal-fired unit with natural gas or 

biomass → additional emission reduction of 

50–60%. 

This example illustrates how Carbon Power Flow 

provides both operational and strategic insights for 

decarbonization, supporting investment and dispatch 

decisions in regions with a complex generation mix. 

4 Conclusions 

Romania’s energy transition is progressing but remains 

constrained by fossil fuel dependency and network 

limitations. Carbon Power Flow provides a robust 

analytical framework linking power system operation 

and emissions, supporting optimized dispatch and 

effective decarbonization strategies. 

The Oltenia region is one of the most important 

electricity production areas in Romania, with a 

significant share of coal-fired power plants. At the same 

time, the region has begun integrating increasing 

photovoltaic capacities, which creates challenges for 

power flows and for the distribution of carbon 

emissions. 

In energy research, many studies focus on broad 

transition goals (e.g., renewable expansion, policy 

alignment, decarbonization targets) without deeply 

quantifying carbon flows within the grid.  

The case study illustrates how Carbon Power Flow 

provides both operational and strategic insights for 

decarbonization, supporting investment and dispatch 

decisions in regions with a complex generation mix. 

This goes beyond traditional sectoral emissions 

models by integrating power system characteristics (grid 

topology, generation dispatch, imports/exports, etc.) 

into carbon estimates. 

The novelty of this paper is technical, it bridges 

power systems engineering with carbon assessment, 

rather than treating emissions as aggregate totals.  
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