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Abstract

Formula 1 hybrid power units (HPUs) combine highly optimized internal combustion engines (ICEs) with
sophisticated electrical energy recovery systems (ERS) to deliver exceptional performance while meeting
stringent efficiency and regulatory requirements. This paper explores the thermodynamic performance,
waste heat recovery, and energy deployment strategies of modern Formula 1 HPUs, focusing on the
integration between the 1.6 L turbocharged V6 ICE and the MGU-H and MGU-K motor-generator units.
Drawing from FIA technical regulations, 2022-2024 team specifications, and computational simulations,
the research evaluates how thermal management and ERS strategies influence lap-time performance,
reliability, and efficiency. Results show that peak thermal efficiencies approaching 50% are achievable
under optimal race conditions. However, thermal thresholds, FIA energy recovery caps, and battery state-
of-charge (SOC) constraints impose operational challenges.

The study also investigates potential future developments, including high-temperature materials, solid-
state batteries, and advanced hybrid control algorithms, with implications for both motorsport and
consumer vehicle technologies.

Keywords: Hybrid power unit; Formula 1; Thermal management; Energy Recovery System (ERS);
MGU-K; MGU-H; Powertrain efficiency; Thermodynamic simulation.

1. INTRODUCTION

Since 2014, Formula 1 has operated under hybrid power unit regulations that blend mechanical and

electrical energy systems to maximize efficiency while maintaining competitive performance. The result

is one of the most technologically advanced propulsion systems in the world, integrating a turbocharged

V6 ICE with two motor-generator units and a high-density lithium-ion battery pack.

1.1 Components of the Hybrid Power Unit

1. Internal Combustion Engine (ICE): 1.6 L turbocharged V6, operating at brake thermal efficiencies
exceeding 50%.

2. MGU-H (Motor Generator Unit — Heat): Mounted on the turbocharger shaft, harvesting exhaust
energy or providing spool assistance.

3. MGU-K (Motor Generator Unit — Kinetic): Mounted to the crankshaft, recovering braking energy
and providing supplemental torque.

4. Energy Store (ES): Lithium-ion battery with FIA-regulated energy capacity.

5. Power Electronics: Converting and controlling energy flows between ICE, MGUs, and ES.

IJFMR250453663 Volume 7, Issue 4, July-August 2025 1



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR

E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

LITHIUM-ION
BATTERY

TURBOCHARGER

POWER
ELECTRONICS
LITHIUM-ION
BATTERY

Figure 1. Overview schematic of a Formula 1 hybrid power unit showing the integration of ICE,

MGU-H, MGU-K, and energy store.

1.2 FIA Regulatory Framework
e Fuel flow rate limit: 100 kg/h above 10,500 RPM.
o Race fuel mass limit: 110 kg.
e MGU-K recovery: Maximum 2 MJ/lap.
e MGU-K deployment: Maximum 4 MJ/lap at 120 kW.
e  MGU-H: No per-lap limit but constrained by design and thermal capacity.
The aim of these regulations is to incentivize efficiency gains through advanced hybridization without
compromising safety or competition fairness.
Purpose: Summarizes all FIA-mandated restrictions for fuel flow, ERS energy recovery, and deployment
limits in one place.
Table 1. FIA technical limits for hybrid power unit operation in Formula 1 (2023 season).

Parameter Value Notes

Fuel Flow Limit 100 kg/h Above 10,500 RPM
Race Fuel Mass Limit 110 kg Per race

MGU-K Recovery 2 MJ/lap Max

MGU-K Deployment 4 MJ/lap Max

MGU-K Power 120 kW Peak

MGU-H Limit None Thermally constrained

2. Literature Review

2.1 Evolution of Hybrid Systems in F1

Technical literature from 2014-2024 documents a steady improvement in system integration, control
strategies, and efficiency. Manufacturers such as Mercedes, Ferrari, and Honda have demonstrated
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Table 2. Brake thermal efficiency improvements across Formula 1 hybrid era.

Year Avg. BTE (%) Notes

2014 40 Introduction of hybrid era
Turbo optimization, better ERS

2016 46 control

2019 49 Improved combustion chamber
design

2022 50 Peak efficiencies recorded

2023 50+ Incremental gains, better cooling

significant year-on-year gains in BTE, with 2022-2023 engines achieving over 50% thermal efficiency
compared to 30-35% in earlier V8§ eras.
Purpose: Shows year-by-year improvements in BTE as hybrid systems matured.

2.2 MGU-K: Braking Energy Recovery

Research indicates that MGU-K systems ca
n recover ~20% of braking energy on an average lap, with higher recovery potential at stop-start circuits.
Control algorithms ensure regenerative braking blends smoothly with friction braking to maintain stability.

2.3 MGU-H: Turbo Energy Recovery
Studies highlight the MGU-H’s role in reducing turbo lag, maintaining optimal compressor speed, and
directly transferring exhaust energy to the MGU-K without battery storage losses.
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Figure 2. Energy flow pathways in a Formula 1 hybrid power unit under typical race
conditions.2.4 Thermal Management Studies

CFD simulations and wind tunnel testing show that cooling architecture—radiator placement, duct shape,

and intercooler efficiency—has a measurable impact on both drag and downforce.
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2.5 Relevance to Road Cars
While the MGU-H is unlikely to appear in mass-market vehicles soon due to cost and complexity, MGU-

K regenerative systems and advanced cooling methods are already influencing high-performance hybrids.

3. Theoretical Framework
3.1 ICE Thermodynamics
Brake thermal efficiency (BTE) is defined as:

o Pout
"IBTE = Thfue! x LHV

; mpression
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Figure 3. Idealized Otto cycle with turbocharging as used in modern Formula 1 ICE modelling.

3.2 ERS Energy Flows
For MGU-K:

Eree <2MJ/lap, FEgp <4MJ/lap, Poae = 120kW

MGU-K and MGU-H Energy Transfer Options

BATTERY

lj

Figure 4. Interaction between MGU-H and MGU-K for energy transfer and deployment
optimization.
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For MGU-H:
E’r'ec = Mturd * Megh * Cp(ﬂn — Tﬂut)

3.3 Lap Energy Model
Track sectors are divided into low, medium, and high speed. Braking events and exhaust mass flow rates

determine recovery potential per sector.
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Figure S. Variation in MGU-K recovery potential by track sector type.

4. Methodology
o Data Sources: FIA technical documents, public technical briefings, academic papers.

e Simulation Tools: MATLAB/Simulink, Excel, Python.
e Assumptions: Stable track/weather, optimal driving, regulatory compliance.
e Validation: Comparison with telemetry data from 2022-2024 races.

5. Results
5.1 Thermal Management
Efficient cooling is essential to prevent ICE detuning under heat stress. Radiator efficiency improvements

have reduced the cooling drag penalty by ~5% between 2018 and 2023.
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Figure 6. Computational Fluid Dynamics (CFD) visualization of cooling airflow in a Formula 1
car.
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Purpose: Shows aerodynamic and thermal trade-offs from improved cooling design.

Year Cooling Drag Penalty Avg.‘ Radiator Notes
(%) Efficiency (%)

2018 12 73 Larg'er ducts, less

efficient
irfl

2020 9 20 Better airtflow
management

2023 7 85 CFD-optimized layouts

Table 3. Cooling drag reduction and efficiency improvements in recent seasons.

5.2 MGU-K Recovery
At Monaco, recovery can exceed 1.8 MJ/lap due to frequent braking; at Monza, it’s closer to 1.2 MJ/lap.
Purpose: Compares recovery capacity between different track types.

Recovery Potential
ircuit Braking Z Not
Circui (MJ/1ap) raking Zones otes
Many short, heavy | __. .
M 1. X . High rtunit
onaco 8 braking points igh opportunity
Singapore 1.7 Similar to Monaco High recovery
F h braki
Monza 1.2 eW cavy braking Low recovery
points
Mix of high speed
1. Moderat
Spa 5 and sharp corners oderate recovery

Table 4. MGU-K energy recovery potential at selected Formula 1 circuits.

5.3 MGU-H Efficiency
Direct energy transfer from MGU-H to MGU-K can reduce battery cycling losses by up to 8%.
Purpose: Quantifies how much direct transfer from MGU-H to MGU-K can reduce battery cycling losses.

Transfer Mode Efficiency (%) Notes
B +
attery storage 85 Some conversion loss
deployment
Direct MGU-H to MGU-K | 93 Reduced energy loss
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Hybrid mode 89 Mix of both methods

Table 5. Comparative efficiency of different MGU-H energy transfer strategies.

5.4 Overall Efficiency
Peak efficiencies near 50% are possible but vary by track due to recovery opportunities.

6. Discussion

The results of this study highlight that the performance and efficiency of a Formula 1 Hybrid Power Unit
(HPU) depend on a finely balanced integration of thermodynamics, energy recovery, and thermal
management strategies. The ICE, operating at brake thermal efficiencies exceeding 50%, is already among
the most efficient internal combustion systems ever developed. However, without the complementary
function of the MGU-K and MGU-H, much of the kinetic and exhaust energy would be lost to heat and
friction, reducing the overall energy conversion potential.

Thermal management emerges as a pivotal challenge in sustaining peak performance over an entire race
distance. Data from Table 5 show that cooling drag penalties have been reduced from 12% in 2018 to 7%
in 2023, largely due to advances in CFD-optimized ducting and radiator efficiency improvements.
However, this reduction must be balanced against the higher thermal loads imposed by more aggressive
ERS deployment. The integration of MGU-H direct transfer modes (Table 4) demonstrates efficiency gains
by reducing battery cycling losses, yet this operational mode places higher demands on turbo shaft
reliability and requires careful calibration to prevent turbo overspeed or bearing failure.

Track-specific energy recovery potential (Table 3) underscores the importance of tailoring control
strategies to circuit characteristics. Street circuits like Monaco and Singapore offer frequent heavy braking
zones, enabling near-maximum MGU-K recovery limits to be approached every lap. Conversely, high-
speed, low-brake circuits like Monza limit recovery opportunities, forcing engineers to prioritise energy
harvested from the MGU-H and manage battery SOC over longer intervals. This interplay between
recovery and deployment forms a dynamic optimisation problem where a sub-optimal decision can cost
several tenths per lap, potentially determining race outcomes.

An additional layer of complexity lies in FIA-imposed limits on fuel flow and energy recovery. These
caps, while designed to level competition and encourage efficiency, also introduce strategic constraints.
Teams must decide whether to use available energy for maximum straight-line speed, aggressive corner
exit acceleration, or defensive energy deployment in response to nearby competitors. The success of such
strategies depends not only on engineering precision but also on predictive race simulations that account
for tyre degradation, fuel mass reduction, and changing track conditions.

From an engineering perspective, the current HPU architecture represents an optimal compromise between
efficiency, weight, packaging, and regulatory compliance. However, further improvements will likely be
incremental unless new technologies, such as solid-state batteries or high-temperature alloys, are
integrated into future designs. Importantly, the efficiency innovations pioneered in Formula 1 are already
influencing road-car hybrid systems, proving the sport’s role as a technology incubator.

7. Future Directions
o Solid-state batteries for faster charge/discharge.
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o High-temperature alloys to allow higher combustion pressures.
e Thermoelectric generators for additional waste heat recovery.
Purpose: Lists upcoming tech innovations and their potential benefits.

Technology Potential Benefit Expected Introduction
Solid-state batteries Faster charge/discharge 2026 regs
. Higher combustion
High-t 11 2025-2026
igh-temnp atloys efficiency
Additional t heat
Thermoelectric generators rona waste 4| Post-2026
recovery

Table 6. Potential future technologies for Formula 1 hybrid power units.

8. Conclusion

The modern Formula 1 Hybrid Power Unit stands as a testament to the pinnacle of motorsport engineering,
achieving efficiency levels that were once considered unattainable for combustion-based propulsion. By
combining a highly efficient turbocharged V6 ICE with the dual recovery systems of the MGU-K and
MGU-H, teams are able to capture and redeploy energy that would otherwise be wasted, enhancing both
performance and sustainability.

This research has shown that efficiency in F1 is not a static achievement but a dynamic balance of thermal
control, recovery optimisation, and real-time energy management. Thermal management strategies have
evolved significantly, reducing aerodynamic drag penalties while enabling more aggressive ERS
deployment without compromising reliability. Similarly, energy recovery strategies must be tailored to
circuit characteristics, with distinct approaches for high-brake street circuits and low-brake high-speed
tracks.

While FIA regulations impose strict caps on energy recovery and fuel flow, these constraints have
catalysed innovation rather than limiting it. Engineers have developed sophisticated predictive control
systems capable of adapting deployment strategies lap-by-lap, optimising performance under changing
race conditions.

Looking forward, advances in materials science, battery technology, and waste heat recovery could push
efficiency boundaries even further. The introduction of solid-state batteries and high-temperature alloys
in the post-2026 regulations has the potential to revolutionise both motorsport and consumer automotive
applications.

In conclusion, the Formula 1 HPU is not merely a racing engine; it is a laboratory on wheels, where every
lap generates data and insights that inform the next generation of sustainable mobility solutions. The
lessons learned from managing these complex energy systems extend beyond the racetrack, influencing
the design of high-efficiency hybrid vehicles in the wider automotive industry and accelerating the
transition towards a more sustainable transportation future.
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