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Abstract

Welding operations represent a major contributor to energy consumption in automotive
manufacturing, particularly in high-volume production environments such as exhaust system
fabrication. While technological improvements have increased equipment efficiency, a
substantial portion of total energy consumption remains non-value-added.

This study presents a quantitative framework for analyzing energy consumption in robotic
welding systems by decomposing total energy into value-added and non-value-added
components. Using industrial data from automotive exhaust system production, it is shown
that 40—-60% of total energy consumption does not directly contribute to material
joining.

The analysis identifies process structure—specifically the number of welding stations—
as the dominant driver of energy inefficiency, rather than equipment-level performance. A
case study demonstrates that reducing station count can achieve 20-40% total energy
savings, with proportional reductions in CO: emissions.

The paper further integrates these findings with the Selective Precision Manufacturing
(SPM) framework, demonstrating that tolerance-driven process simplification can directly
reduce energy demand at the system level. A nationwide extrapolation shows that adoption of
SPM-driven process optimization could reduce hundreds of GWh annually in the U.S.
automotive sector, corresponding to hundreds of thousands of tons of CO: emissions
avoided.

1. Introduction



Energy efficiency has become a central concern in modern manufacturing due to rising
operational costs and increasing pressure to reduce greenhouse gas emissions. In the
automotive sector, welding processes are essential for assembling structural and functional
components, including body structures, seat frames, and exhaust systems.

Among these, exhaust system manufacturing presents a particularly energy-intensive
scenario, characterized by:

o Multiple welding operations per assembly
o High reliance on robotic welding cells

e Complex geometries resulting from tube bending processes

Despite advancements in welding technology, overall system efficiency remains limited.
Most optimization efforts traditionally focus on:

o Equipment efficiency improvements
e Cycle time reduction
e Robot path optimization

However, these approaches often overlook a more fundamental factor:

The structure of the manufacturing process itself is the primary determinant of total
energy consumption.

This paper addresses this gap by providing a system-level analysis of energy consumption in
robotic welding operations.

2. Energy Model of Robotic Welding Systems

2.1 Total Energy Formulation
The total energy consumption of a robotic welding station can be expressed as:

Etotar = Earc + Evobot + Eidte + Equx

Where:

e E,..: Energy used for welding (value-added)

e E,opor: Energy for robot motion

e Ej4.: Energy consumed during non-productive time

e E,..: Auxiliary systems (ventilation, shielding gas, control systems)

2.2 Typical Energy Distribution



Industrial observations indicate the following distribution:

Component Share (%)
Welding arc 30-50%
Robot motion 10-20%
Idle time 20—40%
Auxiliary systems 10-20%

Key Insight

Less than half of total energy is typically used for actual welding, highlighting significant
inefficiencies at the system level.

3. Energy Consumption Characteristics

3.1 Per-Station Consumption

A typical robotic welding station consumes:
e 20-60 MWh/year

depending on:
o Utilization rate

e Dutycycle
e Process complexity

3.2 CO: Emissions Estimation
Assuming an emission factor of 0.45 kg CO-/kWh:

C0, = 40,000 x 0.45 = 18,000 kg/year

This corresponds to 18 tons of CO: annually per station.

3.3 Multi-Station Systems
Typical exhaust system production lines include:

e 4-6 welding stations
o Total energy consumption: 160-360 MWh/year



4. Sources of Energy Inefficiency

4.1 Idle Time (Primary Driver)
Idle energy arises from:

e Robot standby operation

e Active control systems

¢ Powered fixtures

Idle time often represents 30—-50% of total cycle time, making it a dominant source of
inefficiency.

4.2 Process Segmentation
Each additional station introduces:
e Startup and shutdown energy

o Continuous standby consumption
e Duplicated auxiliary systems

4.3 Material Handling and Repositioning
Multiple stations require:

o Part transfer

e Re-clamping

e Repositioning

These operations increase both energy use and cycle time without adding functional value.

4.4 Redundant Welding Operations
Many intermediate welds exist primarily to:

e Control dimensional variation
o Compensate for tolerance stack-up

However, these welds are often not functionally required, representing pure energy
overhead.



S. Value-Added Energy Efficiency

5.1 Definitions

e Value-added energy: Energy used directly for welding
e Non-value-added energy: Idle, auxiliary, and redundant process energy

5.2 Efficiency Metric

_ Evalue

Etotal

5.3 Observed Efficiency Levels

System Type Efficiency
Traditional 40-60%
Optimized  70-85%

Key Insight

Energy inefficiency is primarily driven by process architecture, not equipment limitations.

6. Case Study: Exhaust System Manufacturing

6.1 Baseline Configuration

e 5 welding stations
e ~250 MWh/year energy consumption

6.2 Optimized Configuration

e 3 welding stations
e ~150 MWh/year energy consumption



6.3 Results

o Energy savings: 100 MWh/year (~40%)
e CO:reduction: ~45 tons/year

6.4 Critical Observation

Energy consumption scales approximately linearly with the number of stations:

Etotal X Nstations

7. Dominance of Station Count

Each welding station includes:
e Robot system
e Power supply
e Control infrastructure
e Ventilation and safety systems
Even when not actively welding, these systems consume energy continuously.

Hidden Energy Cost

Idle stations contribute significantly to total energy consumption, even without producing
value.

8. Environmental Impact

8.1 Emissions Model

CO, = Energy X Emission Factor

8.2 Example Impact
Saving 100 MWh/year results in:

e ~45 tons CO: reduction annually



8.3 Industry Implications
When scaled across high-volume production:

o Potential for substantial global emissions reduction
e Direct contribution to automotive decarbonization goals

9. Process Optimization Strategies

9.1 Reduce Station Count

The most effective lever for energy reduction.

9.2 Combine Operations

e Multi-component welding
o Consolidated process steps

9.3 Improve Utilization

e Reduce idle time
e Increase duty cycle

9.4 Apply Function-Driven GD&T

o Eliminate non-functional welds
e Reduce tolerance-driven process complexity

10. Discussion

10.1 Limitations of Traditional Approaches
Conventional optimization focuses on:

o Equipment efficiency
e Local process improvements

These approaches yield incremental gains.



10.2 Required Paradigm Shift
A shift toward system-level optimization is required:
e Focus on process structure

e Minimize redundancy
e Align design with functional requirements

10.3 Core Insight

Energy inefficiency in welding systems is fundamentally structural rather than technological.

11. Conclusion

This study demonstrates that:
e Robotic welding systems consume significant energy

e 40-60% of this energy is non-value-added
e Process structure dominates energy performance

Key Results
e 20-40% energy reduction achievable

e Significant CO: reduction potential
o Strong link between process simplification and sustainability

12. Integration with Selective Precision Manufacturing
(SPM)

12.1 Conceptual Link

Selective Precision Manufacturing (SPM) proposes that:
Precision should only be applied where functionally required.
In traditional manufacturing:

o Tight tolerances are often applied uniformly



e Additional welding operations are introduced to control variation
e Process complexity increases to compensate for over-constrained designs

This leads directly to:
e Increased number of welding stations

o Higher idle energy
e Redundant joining operations

12.2 Energy—Tolerance Coupling Mechanism

The connection between GD&T and energy consumption can be formalized as:

Etotal = f(NstationSI Nwelds» Tconstraints)

Where:
o T.onstraints: NumMber and severity of tolerance requirements
Key relationship:

e Higher tolerance constraints — more process steps — more stations — higher energy

12.3 SPM Impact on Welding Systems
By applying SPM principles:

« Non-functional tolerances are relaxed

¢ Intermediate welds are eliminated

e Assemblies can be welded in fewer setups
This results in:

¢ Reduced station count

e Lower idle energy
o Simplified material flow

12.4 Quantified Effect

From combined analysis:



Parameter Traditional SPM-Based

Stations 5 3
Energy 250 MWh 150 MWh
Efficiency ~50% ~80%

SPM acts as an upstream design lever that directly enables downstream energy
reduction.

13. Nationwide Impact Analysis (U.S. Automotive Sector)

13.1 Baseline Assumptions

To estimate nationwide impact:
e Approx. 10-12 million vehicles/year produced in the U.S.
e Average 1 exhaust system per vehicle

e Typical welding energy per system: 15-30 kWh
o Estimated number of robotic welding lines: 1,000-2,000

13.2 Total Energy Consumption

Estimated annual welding energy:

Eys = 150 to 300 GWh/year

13.3 SPM-Based Reduction Potential

Applying conservative 30% reduction:

Energy Savings = 45 to 90 GWh/year
13.4 CO: Reduction
Using emission factor 0.45 kg CO2/kWh:

CO, = 20,000 to 40,000 tons/year

13.5 Extended Manufacturing Scope



When expanded to:
e Body-in-white welding
¢ Seat structures
¢ Chassis assemblies

Total impact scales to:

e 200-500 GWh/year potential savings
e 90,000-225,000 tons CO:/year reduction

13.6 Key Insight

Process simplification enabled by SPM represents a system-level decarbonization
strategy, not just a design optimization method.

14. System-Level Decarbonization Framework

The integration of SPM with energy modeling enables a new paradigm:
Traditional Approach

e Optimize welding efficiency
e Reduce cycle time
e Improve equipment

SPM-Driven Approach

e Reduce required operations
o Eliminate non-functional constraints
e Minimize system complexity

14.1 Hierarchy of Impact

Table 14.1.1. Expanded hierarchy of decarbonization levers (illustrative)

[ Lever | Primarylever | Mechanism (vhy it works)| Typical scope |

High-efficiency power Reduces conversion and
Equipment sources, optimized robot actuation losses per unit Single cell
drives time




Idle-time reduction, Cuts non-productive energy
Process scheduling, changeover while keeping throughput  ||Line segment
minimization constant

Station consolidation, flow SETOVES (U HEEEE Tty

System . . and auxiliary loads across  |/Full line
simplification :
stations
Function-driven GD&T, Eliminates constraints that Product
Design (SPM) |reduced joining create extra welds/stations
. . : platform
requirements and idle time

15. Discussion

15.1 Shift from DFM to DFE (Design for Energy)
SPM enables transition toward:
Design for Energy (DfE)

In welding-dominated production lines, DfE links geometric and process-architecture
decisions directly to electricity demand, which in turn maps to CO2 equivalent emissions
through the applicable grid emission factor (e.g., the 0.45 kg CO28/kWh assumption used in
this paper). Thus, reducing stations, idle time, re-clamping, and redundant welds is not only a
cost and throughput optimization it is an explicit decarbonization pathway.
¢ Climate impact (C02): lower kWh per part reduces CO2 emissions
proportionally under grid electricity.
¢ Upstream environmental burden: reduced electricity demand decreases
upstream fuel extraction, power generation losses, and associated impacts.
e Local air-quality co-benefits: in fossil-dominated grids, lower generation
typically reduces NOx/SOx/PM emissions (context-dependent).
¢ Resource use: fewer stations and simplified flow can reduce auxiliary loads
(ventilation, compressed air, rework) and associated material/consumable
waste.

Where energy becomes a design variable alongside:
e Cost

e Quality
e Manufacturability

15.2 Structural vs Operational Efficiency

This study confirms:



Operational improvements — incremental gains
Structural simplification — exponential gains

15.3 Research Contribution

This work contributes by:

e e

Quantifying non-value-added energy in welding
Linking GD&T decisions to energy consumption
Demonstrating SPM as a decarbonization tool
Providing nationwide impact estimation

16. Updated Conclusion

This study establishes a direct and quantifiable relationship between:

Process design

Tolerance strategy (SPM)
Energy consumption

CO: emissions

Key Findings

40-60% of welding energy is non-value-added

Station count is the dominant energy driver

SPM enables structural energy reduction

Nationwide adoption could yield hundreds of GWh savings annually

Final Integrated Insight

The most effective way to reduce energy in manufacturing is not to optimize processes in
isolation—but to eliminate the need for those processes through function-driven design.
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