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Abstract

Electric mobility is on the verge of becoming a mass market. Major automotive OEMs have initiated programs to electrify 

their product portfolio. This transition poses new challenges and requires new innovative concepts in automotive development 

processes, especially for battery systems as the key component within electric powertrains. Battery system costs account for 

up to 40% of the electric vehicle’s total costs. Additionally, development cycles of battery systems for automotive applica-

tions are characterized by long development periods. Hence, the initiatives to advance electrification result in numerous 

development projects affiliated with significant development expenses. Battery systems can be referred to as mechatronic and 

electrochemical systems. They require a complex interaction of diverse scientific and engineering disciplines. Fast innova-

tion cycles have effects regarding product requirements and assumptions towards their allocation. Hereby, uncertainties can 

lead to risks within development projects, especially in terms of time and costs. In current development processes, necessary 

changes are only dealt with reactively, causing unplanned additional expenses and delays. Thus, there is need for handling 

potential changes proactively, i.e. managing uncertainties leading to those changes as early as possible. New methods are 

necessary to identify and handle uncertainties of complex product systems within requirements engineering. An approach 

towards comprehensive uncertainty management is taken within this publication.

Keywords Uncertainty management · Battery systems · Product requirements · Product development · Battery systems 

engineering

1 Introduction

Today’s product development projects in the automotive 

industry are usually characterized by fundamental chal-

lenges: volatility, uncertainty, complexity and ambiguity 

(VUCA) [1]. The centre of the VUCA framework is the 

situation of complexity, which has direct and indirect influ-

ence on all other variables and is therefore responsible for 

an increasing degree of uncertainty.

Companies are affected by this uncertainty in various 

ways [2]. A major driver of uncertainty in the mobility sec-

tor is disruptive change.

Especially the shift towards electric drive trains opposes 

major changes. Three main drivers are responsible for the 

pressure on OEMs regarding development of electric cars. 

First, paradigm shifts in customer requirements towards 

greater environmental awareness and the increased political 

efforts to tighten the conditions regarding emissions will 

facilitate the shift to electric drive train technology. Sec-

ond, raw material shortages lead to higher fuel prices and in 

turn to alternative mobility concepts. Third, political efforts 

consist of two different instruments. On the one hand, exist-

ing global  CO2 regulations are being revised and tightened. 

Example regions for tightened emission regulations are the 

European Union, United States, China and Japan who have 

set limits on  CO2 emissions by 2020 [3]. On the other hand, 

governments encourage people with incentive packages to 

buy electrified cars [4].

The mentioned drivers cause model announcements 

by established and new competitors. This leads to vari-

ous development projects to bring new electric power train 

components to the market. In addition to the electric motor 

and power electronics, battery systems represent the main 

value-adding component of the of electric vehicles. Bat-

tery systems are the most cost-intensive part of new vehicle 
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models. Today, the battery accounts for about 40% of the 

total vehicle costs [5].

Consequently, the drive train substitution has got unprec-

edented dimensions, which impact the overall rivalry among 

competitors in the market. This fact is manifested in model 

offensives by many manufacturers to secure their market 

shares at an early stage of this substitution process. The 

Volkswagen Group alone plans to upgrade 16 production 

sites around the world for the integration of electric vehi-

cles. Along with this investment, VW intends to launch 27 

electric vehicle models across all brands until 2022. Within 

the company, this approach leads to a realignment of their 

corporate strategy. Due to market turbulence, there is still 

a high degree of uncertainty regarding future strategic and 

structural decisions [6].

After a short overview of the structure of battery sys-

tems, this paper deals with the identification of dependen-

cies between product requirements and battery system com-

ponents. This is followed by a response to the question of 

which requirements create uncertainties in the development 

process of battery systems. By identifying uncertainties sys-

tematically, viable management approaches are possible to 

eliminate the degree of uncertainty at an earlier stage.

2  State of the art

The following chapter deals with the generic product struc-

ture of high voltage battery systems employed in automotive 

applications. Further, the general product requirements and 

restrictions that need to be considered in the development 

of battery systems are outlined. Moreover, a general process 

structure for product development is presented and the major 

challenges in requirements engineering and management are 

addressed.

2.1  Product structure of battery systems

The structure and functionality of battery systems can be 

clearly derived based on five integration levels starting with 

the cell material up to the final vehicle integration (Fig. 1).

The value chain starts on raw material level, which plays 

an important role for the properties of a battery cell. Depend-

ing on the application, properties such as energy density, 

service life and aging effects can be adjusted by combining 

different cell materials [8]. The next stage of integration is 

the battery cell. Each cell requires two electrodes, a cathode 

and an anode, a separator as well as electrolyte, which can 

be liquid, solid or in a hybrid form depending on the type 

of application and specification [9]. The mentioned compo-

nents are applied in layers. While the anode usually consists 

of graphite, eventually combined with a minority of silicon, 

cathode material vary in different applications. The separa-

tor is used to isolate the cathode and anode through a mem-

brane, which is only permeable for small lithium ions. This 

important part of the cell typically consists of a thin plastic 

or ceramic layer [10]. Various mechanical designs have been 

established on the market. These include the round cell, the 

pouch cell and the prismatic cell. Round cells have standard-

ized sizes (18650, 21700). The cell design for prismatic and 

pouch cells can vary from manufacturer to manufacturer, 

although the DIN 91252 provides standardized geometric 

parameters [11].

In the next step, battery cells are integrated into a bat-

tery module. The structure of the module results from the 

selected cell design and represents a mechanical enclosure. 

In addition, a module usually provides several sensors for 

monitoring the temperature and condition of all single cells 

for control and safety reasons [12].

For further integration, a set of modules is integrated into 

a battery pack. Within the battery pack, the battery modules 

are connected, and the pack represents a mechanical shell. 

The thermal system is also integrated in the battery pack. 

Cells are controlled and monitored by a battery management 

system (BMS). Sockets let the high (HV) and low voltage 

(LV) and thermal system connect to the outside [13].

At the final integration level, the battery pack is assem-

bled to the vehicle. The size and position of the installation 

space are of relevance as these parameters must be consid-

ered when designing the battery pack and its components. 

The required installation space can vary between full elec-

tric vehicles and hybrid electric vehicles. Full-electric vehi-

cles typically use the underfloor structure of the car’s body 

between both axles, whereas hybrids use free space under 

the back seats or the centre tunnel [14–16].

Using a tree diagram (Fig. 2), the battery system, mod-

ule and cell can be divided into subassemblies and compo-

nents, which represent the generic product architecture of 

battery systems. The system groups represent the previously 

described integration levels. The battery system generally 

consists of battery modules, the LV-system and HV-system, 

the temperature control unit, external interfaces and the sys-

tem housing. This structure provides the basis for all further 

Fig. 1  Integration levels of a 

battery system [7]
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sections in this paper, especially to connect requirements and 

product features.

2.2  Product requirements of battery systems

This chapter derives general requirements for a battery 

system and assigns these requirements to categories. The 

main categories refer to technical, economic and legal 

requirements as well as the technical-related environment. 

Figure 3 gives an overview of these categories and related 

sub-categories.

When designing battery systems, diverse topics must 

be considered, including the determination of the appli-

cation requirements and possible operating ranges, safety 

characteristics, selection of suitable electrochemical tech-

nologies, design and/or evaluation of the electrochemical 

cell. In general, an energy storage system can range from 

a single cell to large systems that combine a big number of 

cells into a single system. The suitability of a battery system 

for a certain application can be reduced to the capability to 

operate that application adequately. Thus, the first step in 

the development of a battery system is to understand the 

various demands that a specific application presents and the 

requirements that result from that. In automotive develop-

ment, dealing with a high energy capacity within limited 

assembly space under certain operating conditions over a 

period of more than 10 years is a challenging task [17].

The identification and prioritization of requirements for 

a battery system present a major challenge, regardless of 

the requirement level. A common approach to meet cus-

tomer requirements concerning specific product functions 

is the Quality Function Deployment (QFD). In this system-

atic approach the customer requirements are weighted and 

matched with the product functions and quality character-

istics based on the degree of fulfilment. The application of 

QFD can improve certain features and product components 

that are critical to customer satisfaction. This allows the 

product to be viewed from both, a market perspective and 

in terms of its technical importance, in order to identify the 

key requirements concerning customer needs at an early 

stage [18].

An integrated view of product, production, market and 

legal requirements must precede research and development 

to achieve comprehensive transparency about the product’s 

technical und functional requirements. An inadequate lack 

of focus on the requirements leads to cost-intensive over-

engineering [19].

2.3  Battery system development

Product development processes serve for a structured, 

methodical approach towards industrialization of a product 

[20]. In Fig. 4, the basic phases of a development process 

are outlined and described with the background of battery 

systems.

As shown in Fig. 4, product development consist of four 

phases until series production level is achieved. The phases 

are pre-program planning, concept development and selec-

tion, series development and an industrialization phase.

The pre-program planning as introductory phase con-

tains the mission statement and market research to assess 

options for product definition. As soon as the product is 

defined (e.g. key characteristics of the battery system such 

as energy content and available assembly space) concept 

development takes over. Here, customer needs and fea-

sibility analyses result in the product requirements (cf. 

Sect.  2.2). Moreover, key suppliers are screened, and 

concept development is achieved after proof of general 

feasibility. These main activities are supported by market 

research and business plan development (alternatively part 

of pre-program planning). The phase ends with a battery 

concept selection and the program approval. The detailed 

battery engineering activities within series development 

include design of exterior and interior components. Fur-

thermore, the phase incorporates battery systems pack-

aging, and design of subsystems, components as well as 

verification testing of the battery system with regard to 

fulfilment of requirements by system and sub component 

design. The last phase before entering series production 

is called industrialization phase. The main purpose is the 

conversion of an engineered battery system to a manufac-

turable battery system. The main manufacturing develop-

ment activities are process engineering, design of facili-

ties and tooling, pilot battery assembly, testing of battery 

prototypes for verification and validation.

As battery systems are critical in terms of safety, their 

verification and validation process through prototypes is 

important. The prototypes contain A-, B-, C- and D-samples 

which evolve in product maturity towards the final prod-

uct. The A-prototype focuses on the proof-of-concept. This 

means the feasibility is examined with a few hand-built 

prototype battery systems to validate the technical concept. 

After this, the B-sample as a functional prototype provides 

the basic performance characteristics. The next prototype 

stage is the C-sample, which is manufactured in a low-vol-

ume. It validates the full design and the most important pro-

duction processes are already carried out on series produc-

tion level. Finally, the D-prototype validates that the product 

is fit for series production. It is a direct transition into series 

production [21].
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2.4  Requirements engineering & related 
uncertainties

The process of requirements engineering contains all activi-

ties related to the discovery, negotiation, documentation and 

maintenance in product development projects. Requirements 

engineering is a process, which permits eliciting, negotiating 

and documenting the functionalities and restrictions of the 

product, i.e. the product requirements. Its objectives are the 

explicit knowledge of product characteristics which are nec-

essary to completely fulfil the intended function of a bat-

tery system. Requirements are documented at a certain level 

of detail to have an agreement about a set of requirements 

among the stakeholders. Requirements need to be fulfilled 

Fig. 2  Exemplary product architecture of a battery system
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by the final product. Thus, they are a decisive factor for a 

successful battery development [22]. After the negotiation 

and agreement on the list of requirements, requirements 

management takes over. Requirements management is the 

process which assigns attributes to requirements, prioritizes 

requirements, manages changes and measures the degree to 

which requirements are fulfilled. Besides the management 

of individual requirements, it also manages the respective 

requirement documentation [23].

The consequences of the change towards automotive 

electrification set the boundary conditions for automotive 

companies and cause uncertainty factors. The technological 

change from combustion engine technology to the electric 

drive train is the origin of internal and external uncertainties 

regarding different aspects within requirements engineering. 

Generally, the occurrence of uncertainty originates due to 

lack of information. Hence, the collection of necessary infor-

mation will reduce uncertainties. This type of uncertainty is 

called epistemic uncertainty. However, aleatoric uncertain-

ties exist as well, which occur on a basis of coincidental vari-

ation and therefore cannot be reduced [24]. The approach 

presented in this paper focusses on the identification of 

uncertainties in battery systems development regarding 

epistemic uncertainties.

2.5  Modelling of complex product systems

During product development, a systematic approach is 

crucial for modelling the structures and analysing poten-

tial subassemblies of the product in order to address its 

Fig. 3  Exemplary overview of requirements levels and categories
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complexity. Typically, this is accomplished by structuring 

the large amounts of information in graphs using methods 

of engineering complexity management. These graphs can 

be transformed into matrices by formalizing the elements of 

the system as nodes and the relationships between the ele-

ments as edges. This allows the structuring and clustering 

of a problem with a high complexity, e.g. when developing 

a product system with a large amount of information and 

interdependencies. The most common types of system rep-

resentation matrices are the Design Structure Matrix and the 

Domain Mapping Matrix.

The Design Structure Matrix (DSM) illustrates the 

dependencies between two elements of the same class (com-

ponent, process, function, etc.) and enables the analysis of 

the structure of product systems by mapping elements of 

the system and their relationship. This method was then 

extended by the Domain Mapping Matrix (DMM). In con-

trast to a DSM, a DMM does not only contain one class 

of information but focuses the relationships between two 

classes (e.g. domain of a component) [25, 26].

In Fig. 5 shows an example of a product systems and 

its structural representation through the coherence of both 

DSM and DMM. The DSM/DMM methods support under-

standing the dependencies and interactions within a prod-

uct system and the exchange of information across domains. 

Even though, the DSM/DMM framework lacks the informa-

tion about multiple and time-dependent relationships and 

dependencies between single node pairs such as require-

ments and their importance during product development 

[25, 26].

3  Methodology

As shown in Sect. 2, DSM and DMM as well as QFD pro-

vide major tools in product development regarding product 

architecture and requirements. In concept development and 

initial product planning, the identification and analysis of 

general product and system requirements takes place, fol-

lowed by the derivation of the general functional and product 

architecture of the selected solution.

However, the methods presented in Sect. 2 do not fully 

grasp the relation between technical product requirements 

and product architecture. The methods in Sect. 2 focus on 

the relation between product elements and the allocation to 

product domains. They might facilitate the preparatory steps 

towards a full understanding of these relations. In order to 

already identify uncertainties in these early phases of prod-

uct development, a comprehensive methodology for uncer-

tainty identification is required.

Therefore, the objective of this paper is to present an 

approach towards uncertainty identification with a complete 

analysis of interdependencies between functional or non-

functional product requirements and the functions or speci-

fications of the product architecture as part of the approach. 

This is an important step to identify potential uncertainties 

thereafter.

The presented approach consists of two main steps: The 

first step is to define and document the product architec-

ture model as well as carrying out the preparation of the 

requirements model. The first step is finalized by combin-

ing the product architecture and requirements model to 

explicitly. This is followed by the second step and the actual 

Pre-Program 

Planning

Battery 

Concept 

Development 

& Selection

Series 

Development

Phase –

Detailed Eng. 

Industrializatio

n  Phase –

Manufacturing 

Development

Pro-

duction

Pre Program 

Planning 

Activities

• Mission 

statement

• Battery

market 

research

• Product 

definition

Concept Dev. &

Sel. Activities

• Customer needs

• Key supplier 

selection, feasibility 

analysis

• Cell selection

• Concept development 

& modification

• Market research, 

business plan dev.

• Concept selection, 

program approval

Detailed Eng. Activities

• Battery Exterior

• Subsystems design

• Component design

• Component integration

• Systems packaging

• Verification testing

Battery Manufacturing 

Dev. Activities

• Process engineering

(e.g. welding 

processes)

• Facilities and tooling 

design

• Battery pilot assembly

• Verification testing

• Prototype testing

• Validation testing & 

battery certification

Phases Battery Development Process

Fig. 4  Generic product development process phases [20]



917International Journal on Interactive Design and Manufacturing (IJIDeM) (2020) 14:911–922 

1 3

uncertainty identification regarding product requirements of 

a battery system.

3.1  Modelling of product architecture 
and requirements of battery systems

The following sections have their focus on modelling a 

generic product architecture for battery systems, followed 

by modelling the associated product requirements and their 

specifications for battery system design. The last step is the 

final aggregation of both the product architecture and the 

requirements model.

3.1.1  Modelling of product architecture

In general, battery systems for electric vehicles have a 

physical product structure, which is valid for most battery 

systems and only deviates in minor aspects. Using a tree 

diagram in Sect. 2 (Fig. 2), the battery system and module 

and cells, respectively, can be divided into subassemblies 

and components. This structure provides the basis to con-

nect requirements with product features.

Additionally, the elements, i.e. product components, 

can be allocated to the domains that make up the battery 

system. As the domains in Fig. 6 show, the battery system 

is a mechatronic system, which contains battery cells as 

an electrochemical subsystem. Hence, one can relate to the 

term mechatrochemical system with mechanical, thermal, 

electrical/electronic and electrochemical domains, when 

referring to a battery system.

In Fig. 6, a generic overview of battery system compo-

nents including qualitative classification to their domains 

is shown. It is shown that cell components mainly refer 

to the electrochemical domain. Most parts belong, com-

pletely or partially, to the electrical/electronic domain.

The documentation of the product architecture and 

allocation of product elements to their domains supports 

in the following activities towards uncertainty identifica-

tion. The categorization in specific domains facilitates an 

understanding of intended specifications of single product 

elements. The allocation illustrates the connection to func-

tional domains, as there is no documentation of product 

specifications in early stages of product development yet.

3.1.2  Modelling of product requirements

After the allocation of product elements to functional 

domains, this section compiles general challenges on the 

modelling of product requirements resulting in battery 

system specifications. Requirements engineering and the 

modelling of product requirements is an important aspect 

in product development. They contribute to the objectives 

the needed quality of development work, e.g. requirements 

identification and documentation, as well as successful prod-

uct development overall. Particularly for product systems 

with a distinctive structure, such as a battery system, the 

inherent variety of requirements and restrictions of the indi-

vidual components must be considered as a driver for a high 

number of interdependencies. This fact does not only cause 

a high level of complexity but is also a potential source for 

uncertainty.

In Table 1 an exemplary overview of major requirements 

of battery systems and their respective classification within 

different requirement categories is shown.

Starting with the collection of customer requirements, 

requirements engineering is an iterative process of col-

lecting, reviewing and specifying requirements. Here, it 
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is necessary to translate the initial requirements into spe-

cific requirement elements and properties. The modelling 

of product requirements must be mutually exclusive and 

collectively exhaustive to ensure representing all func-

tional and non-functional requirements fully and should 

follow a distinctive terminology. Requirements should 

have a strong semantic consistency as terminologies can 

be interpreted and applied on various levels and through 

different perspectives. The variation in interpretation 

from different perspectives should be kept at a minimum. 

Therefore, the requirements are continuously specified 

and iterated during product development.

Ultimately, the requirements model contains all nec-

essary aspects the battery system needs to fulfil. These 

aspects are documented in a specific and consistent 

manner. The requirements in Table 1 are taken from lit-

erature examples. They still need some iteration to be 

specified in battery system development but are exact 

enough to use them in the further parts of the methodol-

ogy in this paper.

3.1.3  Product architecture and requirements model matrix

With an explicit product architecture as well as iterated and 

documented product requirements, the important step of 

synthesis of both follows. The synthesis can be executed in 

an aggregating product architecture & requirements model 

(PA&RM) matrix. As outlined in Fig. 7, the y-axis repre-

sents the product architecture and the x-axis contains prod-

uct requirements and specifications from the requirements 

Fig. 6  Allocation of battery system components to engineering domain
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list. The synthesis process to aggregate the elements into a 

product architecture and requirements model is suggested to 

use the following scheme for the evaluation of the relation-

ship between requirement and product architecture element. 

• 0 points: no significant relationship

• 1 point: low level relationship

• 3 points: medium level relationship

• 9 points: high level relationship

The example in Fig.  7 contains an excerpt from the 

product architecture in Fig. 2 (cf. Sect. 2) and the product 

requirements from Fig. 3 (cf. Sect. 2). Each element inter-

section is weighted one by one. In consequence, the matrix 

provides an overview of relationships between product 

requirements and product architecture.

Over time, the relationships between requirements and 

product architecture may evolve, what makes a regular 

update for the matrix necessary. An iteration to update the 

matrix is at least required, if the product architecture changes 

as well as if a requirement is added or disposed.

Table 1  Exemplary requirements in battery system development

x requirement highly applicable, (x) requirement indirectly applicable

Requirement Classification in requirement categories System level References

Category Requirement level Cell Module System

1 Design space Design space Integration and design space x x x [16, 27, 28]

2 Integration of sub-components Integration Integration and design space (x) x x [19, 29, 30]

3 Expenses Expenses Expenses (x) (x) x [3, 16, 27, 30, 31, 35]

4 Cost-effective design Development expenses Expenses (x) (x) x [19]

5 Lifetime Lifetime Lifetime x x [16, 27, 28, 31]

6 Operating limits Performance Performance (x) x [16, 32]

7 Charging time E/E-properties Performance (x) x [3]

8 Total weight Total weight Performance (x) x [19, 28]

9 Power Power Performance (x) x [27–29, 31]

10 Deformation resistance Mechanical integrity Performance x x [19, 30, 33]

11 Mechanical resilience Mechanical integrity Performance x x [19, 29]

12 Energy density Driving range Performance x (x) [27, 28, 31, 34, 35]

13 Energy capacity Driving range Performance (x) x [16, 27, 28]

14 Driving range Driving range Performance x [3, 27, 28, 31]

15 Efficiency Efficiency Performance x (x) [31]

16 Product architecture Product architecture Performance x x [16, 19]

17 Interchangeability of sub-compo-

nents

Standardization Product architecture (x) x x [19]

18 Production quality Quality level Product architecture x x x [28, 32]

19 Reliability Reliability Quality x x x [27, 28, 35]

20 Recyclability Laws Quality x x [19]

21 Second-life usage Laws Regulations x x [19]

22 Functional safety Functional safety Safety (x) (x) x [28–30, 33, 36]

23 Electrical insulation of components High-voltage safety Safety (x) x x [19, 30, 33]

24 High-voltage safety High-voltage safety Safety x x [19, 36]

25 Safety Safety Safety (x) (x) x [3, 16, 27, 28, 31, 35]

26 Crash performance Road safety Safety (x) (x) x [19, 28, 30]

27 Hazard prevention for traffic use Road safety Safety (x) (x) x [28, 33]

28 Impact resistance Road safety Safety x [19]

29 Cycle stability Cycle stability Cycle stability x [27, 32, 34]

30 Cycle lifetime Cycle stability Cycle stability x [27, 34]
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3.2  Approach in identi�cation of uncertainties

In the previous sub chapter, the requirements for battery 

systems development and the product architecture are mod-

eled generically and synthesized by aggregating them in the 

product architecture and requirements model matrix. This is 

preparatory groundwork for identifying uncertainties.

In general, relevant uncertainties for the development of 

battery systems can occur in several aspects. On the one 

hand, customer needs should be fulfilled completely. This 

is accomplished by the adherence of the final industrialized 

battery system to its product requirements. If requirements 

are not described completely or leave room for interpreta-

tion, i.e. there is unknown or unspecified content, uncertain-

ties can occur in consequence. On the other hand, informa-

tion gaps may appear regarding components of the product 

architecture and their specifications. For example, system 

housing and the requirement to integrate subcomponents, 

i.e. integration must be accomplished, have a high relation 

level (see Fig. 7). This connection can be investigated for 

uncertainty. If the dimensions of the battery housing are 

not defined, there is uncertainty concerning the ability to 

integrate all components.

Overall, the identification of uncertainties is done sys-

tematically by going through the rows and columns of the 

product architecture and requirements model matrix search-

ing for uncertainties at every entry in the matrix.

Once these gaps are found, there is a need to analyze the 

impact of the uncertainty on other elements of the product 

architecture and requirements, respectively.

4  Discussion

The introduced approach from Sect. 3 allows a systematic 

identification of uncertainties within the development of bat-

tery systems. The preparation for uncertainty identification 

contains three steps, which are necessary to provide the basis 

for uncertainty identification. First, the product structure of the 

battery system is modelled. This is followed by the require-

ments model. The third step is the aggregation in the PA&RM 

matrix, wherein battery system components are connected to 

requirements. After the preparatory steps, the uncertainties are 

identified systematically by analysis of all interconnections 

within the PA&RM matrix. The identification of uncertain-

ties can be accomplished by exploring the PA&RM matrix 

for information gaps. Here, the analysis could be prioritized 

according to the intensity of the relation (1, 3 or 9 points, cf. 

Sect. 3.1.3). However, the identification is only a first step 

towards a methodology of uncertainty management.

Fig. 7  Product architecture and 

requirements model (PA&RM) 

matrix for the development of a 

battery pack
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The battery system is very complex as mechatrochemi-

cal system (cf. Sect. 3.1.1) and uncertainties are a significant 

aspect. The primary objective of introducing uncertainty man-

agement is to have a systematic approach in handling uncer-

tainties and, in consequence, risks resulting from the impact 

uncertainties can have on battery development. In particular, 

negative impact causes deficiencies in terms of time and cost 

within product development. In consequence, the methodical 

approach presented in this paper needs to be extended with 

an analysis and evaluation of uncertainties. This is necessary 

to deduce appropriate and economic measures to avoid nega-

tive impact by uncertainties. Moreover, uncertainty manage-

ment must be aligned with the activities within requirements 

engineering and management and the development process 

in general. Uncertainty management has the potential to be 

a significant part of requirements management and integrat-

ing aspects from requirements engineering as well as require-

ments change and risk management. For example, it analyses 

the requirements list, allocated to requirements engineering, 

identifies uncertainties, which impose risks (risk management) 

and defines measures to handle uncertainties (requirements 

management).

After analysing and evaluating uncertainties the manage-

ment approach needs to be economically viable, i.e. the benefit 

must outweigh the cost. A cost–benefit-analysis is necessary to 

get to know the economic impact of an uncertainty, its induced 

risk to product development and potential measures to han-

dle that uncertainty/risk. This should be focused in further 

research.

5  Conclusion

As business processes, such as battery system develop-

ment, gain more uncertainty in general nowadays, there 

must be ways established to minimize risks, which are a 

consequence of uncertainty. For this, uncertainty manage-

ment can deliver an important aspect in reducing risks in 

battery systems development. This research paper presents 

an approach towards uncertainty management in battery 

systems development by presenting a methodology for 

the systematic identification of occurring uncertainties 

regarding product requirements and product architecture. 

After presenting basic principles in battery systems tech-

nology, requirements engineering and development pro-

cesses, the current challenges concerning uncertainties in 

battery systems development are examined in Sect. 2. In 

Sect. 3, the methodology is presented—divided into two 

parts. The first part deals with the product architecture and 

requirements model, aggregated in the PA&RM matrix. 

The second part describes the approach to identify uncer-

tainties using the PA&RM matrix. The evaluation of this 

approach to identify uncertainties and its role within an 

overall framework for uncertainty management is clari-

fied in Sect. 4.

In further research, the approach towards uncertainty 

management needs to be detailed and refined. Moreover, 

it is necessary for the methodical approach, worked out 

in academic manner, to be validated in practice. This is 

to prove that the means of uncertainty management are 

effective in battery system development projects.
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