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Abstract 

Resources facilitating energy driven manufacturing operations are limited and integration of renewable sources into supply 
increases volatility of availability. In addition to aligning energy supply to demand, aligning demand to energy availability can help 
to avoid losses for oversupply and costly reserve power stations causing high energy prices. Therefore in manufacturing industry 
staff members with responsibility for process planning and control should behave energy aware. Today there often is a lack of 
motivation for energy related organisational changes, especially in sensitive manufacturing systems. This work presents 
information requirements for increasing this motivation with the example of electricity. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor D. Mourtzis and 
Professor G. Chryssolouris. 
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1. Introduction 

The awareness of global resource limitation leads to 
an increased integration of renewable sources into 
electricity networks. Volatility of electricity supply can 
increase by this integration. Sufficient generation 
capacity needs to cope with unexpected changes of 
supply and demand [1]. To ensure security of electricity 
supply, it is seen as required to maintain balance 
between supply and demand [2]. To allow intelligent 
balancing, smart grids are proposed, requiring dynamic 
actions such as demand side management [3]. 

For manufacturing industry, this requires analysing 
energy availability to apply it preferably during periods 
of high availability, hence achieving low energy cost. 
Opportunities to influence energy demand mainly result 
in determining the process characteristics by technology 
selection and process execution time. Simultaneously 
traditional manufacturing objectives regarding cost, time 
and quality define constraints to be considered. 

Demand side actions require energy management, 
whose introduction challenges stakeholders in 

production planning and control with consideration of 
additional parameters and constraints related to energy 
demand and availability. Being asked for support, 
factory staff often shows a lack of motivation, especially 
in sensitive automated manufacturing systems where 
organisational system changes are associated with risks. 

Motivation theory shows that information available to 
people is crucial for motivating to choose certain 
options. Information requirements regarding motivation 
specifically for energy aware behaviour have also been 
described. Information available to participants in 
energy networks can change their behaviour [3]. 

This work analyses approaches for aligning 
manufacturing operations to energy availability and 
presents stakeholders with responsibility for demand to 
be considered. Finally, information and task content as 
well as information characteristics supporting energy 
related motivation are summarised and described with 
the example of production planners. The approach is 
instantiated for electricity but is seen as required for 
different energy carriers. Therefore the term ‘electricity’ 
is used to emphasise its specific aspects. For general 
statements the term ‘energy’ is used. 
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2. Aligning factory energy demand to availability 

2.1. Energy availability and approaches for alignment 

Electricity available to factories can be supplied by a 
provider and own power stations. Its availability can be 
characterised by available power over time, amount of 
energy in a time frame, price or supply quality. It can be 
characterised with different time horizons, e.g. short-
term for daily market exchange or long-term regarding 
future availability of a certain primary source. 

In consideration of energy availability there is the 
necessity to see energy as limited. Behavioural changes 
for aligning demand to availability could lead to a 
cultural shift toward a heightened awareness of energy 
as a limited resource rather than an unlimited right [4]. 

Active participation is seen as task for all parties of 
future electricity networks [3]. Bilton et al. categorise 
demand-side reactions on supply. Static actions on the 
one hand are started at any time not in response to a 
(time)-specific market signal or request from supply 
side. There is typically a long-term impact, e.g. after 
efficiency improvements. Dynamic actions in contrast 
respond to short-term changes of market or supply 
system conditions, usually without long-term impact [5]. 
Necessity for dynamic action can be caused by 
unplanned energy economical events [6]. For example 
networks have to cope with unexpected shortfalls in 
available capacity [1]. Dynamic action can support 
reduction of primary energy demand, reduction of CO2 
emissions or achieving environmental policy objectives 
through facilitating more connection of intermittent 
renewable generation [7], e.g. runof-river hydro, wind or 
solar photovoltaic [4]. Furthermore energy prices can be 
reduced by avoiding investment in compensatory 
schedulable energy sources, typically fossil fuel 
generation [4]. Each, static and dynamic actions, have 
additionally been divided into passive actions, e.g. 
because of regulation or contracts, and active actions, to 
be done by own choice [5]. Although dynamic actions 
are explicitly based on signals from supply side, e.g. 
price or request, also static approaches are influenced by 
availability. For static active actions, as example, energy 
availability influences its price; hence it influences the 
energy costs, the share on the overall costs of a factory 
and with it the weight given to it. The motivation for 
searching efficiency improvement potentials and for 
carrying out saving activities, whether technical or 
organisational, is heavily influenced by this weight. 

In spite of its advantages, the presence of demand 
response in Europe is low besides system balancing 
activities of major energy users. Simultaneously some 
energy market systems contain already mechanisms 
allowing demand side actions such as bidding for 
consumption decrease to compete with generation [7]. 

Considering the presented approaches, in this work 
the term ‘saving’ is used for saving energy costs by 
reducing power or energy demand but also by 
gratification of further demand side actions. 

2.2. Degrees of freedom 

If a factory should participate in demand side actions, 
the factories’ areas’ or equipments’ demand needs to be 
aligned to the distributed factory internal supply system. 
Degrees of freedom – seen as influenceable elements 
and relations – arise in general from product, process, 
equipment, organisation and human. 

Focus of this work is the operating phase of factories 
where degrees of freedom primarily result from 
production program, selection of manufacturing 
operations and equipment to be used as well as 
scheduling. Processes on production equipment, 
supporting systems such as compressed air supply and 
building services such as heating can be considered. 

The options for aligning depend on the time required 
for availability forecast and time required for reaction. 
Table 1 shows example causes for change of energy 
availability to a factory with different time horizons of 
forecast and examples for possible reaction. Reaction 
requires selection of processes with appropriate demand. 
Processes with typical high demand have a high degree 
of mechanisation or automation. Examples are 
machining processes or transport of heavy goods. 
Processes with typical low demand primarily are manual 
processes such as maintenance or cleaning. Such a 
division is naturally specific for every factory with its 
specific equipment energy demand. 

Further opportunities for organisational influence 
arise if equipment uses energy without performing a 
required process. An approach to reduce demand would 
be turning idling equipment into lower power modes. 

Further degrees of freedom can arise if the process 
speed of equipment can be chosen with different demand 
at different speed or if the energy demand of several 
equipment for the same purpose is different [8]. For 
long-term actions also product changes could be 
considered, which will not be discussed in this work. 
Human potential will be discussed in chapter 3. 

2.3. Constraints 

One main barrier to involvement of demand side is 
the inelasticity of demand [5]. Reactions require 
dynamic switching of equipment with consideration of 
the particular constraints in planning and operating. 
Many processes in factories have been optimised over 
years; by switching equipment in a different way there is 
a risk to influence other processes. Staff could refuse if 
long valid schedules should be changed or flexible 
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Table 1. Causes for changed energy availability, time horizon of change forecast and possible reactions by factories 

Cause for change Time horizon of forecast Possible reaction 

Expectation of changes 
in availability / price 

Months to years Adjustment of effort for exploiting saving potential regarding product/process/ 
equipment/organisation/awareness/energy carrier/supply contract/on-site generation 

Time of use pricing Months to years (e.g. 
seasonality) 

Adaptation of staff tariff models, planning of holidays; scheduling of processes, of 
filling/emptying energy storage and of shifts / free time aligned to energy price 

Energy purchase at 
exchange market 

Days Scheduling of processes, of filling/emptying energy storage and of shifts / free time 
aligned to energy price 

Hours Scheduling of processes and of filling/emptying energy storage aligned to energy price 

Automated or contracted 
switching by supplier 

To be negotiated, can be 
zero 

Execution of processes and of filling/emptying energy storage under predefined 
constraints; switching carrier 

Incentive for a desired 
demand 

Days (desired long-term 
change in demand pattern) 

Scheduling of processes, of filling/emptying energy storage and of shifts / free time 
aligned to desired energy demand 

Hours (desired short-term 
discrete actions) 

Scheduling of processes and of filling/emptying energy storage aligned to desired 
energy demand 

Supply breakdown Can be zero Execution of processes with low demand; emptying energy storage; switching carrier 

timing of working steps should be regulated [6]. 
In this work constraints are understood as the barriers 

against a demand side action. Such constraints can 
express rules e.g. for ensuring product quality and cost, 
equipment availability as well as human safety and 
appropriate working conditions. The constraints can be 
formulated considering product, process, equipment, 
organisation and human. Related to product, the variant 
or product characteristic produced during a demand side 
action can be limiting. Regarding processes and 
organisation, a certain time for requesting a process 
change or length of process may be required. Further 
organisational constraints may contain points in time for 
start and end of processes, process order and 
simultaneity or forbidden simultaneity. Equipment 
constraints could be required equipment mode or 
attendance or availability of tools. Constraints related to 
human can be attendance or availability of specific 
persons, roles, knowledge or competence. 

As next step, the importance of human motivation for 
influencing energy demand will be emphasised. 

3. Motivation for energy aware manufacturing 

3.1. Information related challenges 

A variety of information related challenges for 
increasing energy awareness has been described. 
Examples are lack of transparency in energy use and 
cost, missing assignment of use and cost to causing 
equipment, unclear impact of improving measures on 
production processes, missing attractiveness of the 
energy topic and unclear responsibility allocation. 
Energy management is proposed to reduce the relevance 
of such barriers [9], [10]. Energy management is also 
required for different types of demand side actions. 

The international standard for energy management 
systems asks for energy related qualification [11]. 
Regarding energy, all employees are required to know: 
 importance of conformity with companies’ policy, 

measures and requirements, 
 tasks, responsibilities and authority for fulfilling, 
 performance and advantages of its improvement, 
 real or potential influence of a task on demand, and 
 consequences of deviation from defined procedures. 

Furthermore, a process for giving comments and 
improvement proposals is required. However, the 
standard does not propose how all of this can be 
implemented in everyday work. Especially achieving 
long-term success is crucial and can fail. To include 
every staff member requires a participatory approach. 
Psychology related challenges thereby can be [12]: 
 allocation of responsibility if tasks for measurement, 

accounting and billing are distributed, 
 negative attitude towards energy because of over-

saturation with information, 
 need of technical knowledge for improvement ideas, 
 lack of willingness for time or cost intensive 

measures and documentation of achieved savings, 
 stimulation of all stakeholders, 
 local behaviour change if measures with small 

potential are required repeatedly by numerous people, 
 long lasting behaviour change and motivation, and 
 repeated motivation activities for fluctuating staff. 

Hence, especially for organisational and behavioural 
measures, to drive motivation is crucial. To include 
everybody, typical stakeholders who are able to 
influence the demand, need to be considered. 

3.2. Stakeholders 

Each stakeholder responsible for selecting equipment 
and planning or switching its modes is able to influence 
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energy demand. Table 2 shows main tasks around 
equipment influencing its demand and typical 
responsible roles in automated discrete part 
manufacturing lines. In the same way staff responsible 
for technical building services could to be analysed. This 
demonstrates the multitude of affected stakeholders. 

Table 2. Main tasks around equipment and typical responsible roles 

Task around equipment Role 

Plan technology Managers with different 
responsibility, production engineer 

Selection for purchase Managers with different 
responsibility, production engineer 

Install (incl. connecting, 
parameterisation, test) 

Maintenance engineer, production 
engineer, electrician, mechanic 

Schedule production Production planner 

Select modes Operator 

Determine constraints for 
mode changes 

Production engineer, maintenance 
engineer 

Plan maintenance Maintenance manager 

Perform maintenance Maintenance engineer, electrician, 
mechanic 

Perform updates/upgrades Production engineer, electrician, 
mechanic 

Integration of energy related targets into everyday 
fulfilment of the described tasks can cause refusal. One 
example shall be given: Production planners have 
already a lot of targets to follow. Furthermore it is 
difficult to analyse the energy demand of schedules in 
detail, because planners normally don’t know the 
constraints for switching equipment modes. 

3.3. Motivation in general and energy specific 

Worker related motivation theory has been discussed 
in company management literature. Subsequently an 
overview is presented leading to information 
requirements to support motivation in general. Different 
approaches show that permanent motivation can be 
achieved by intrinsic rather than extrinsic motivation 
[13]. Motivation can be supported if tasks are holistic, 
have a variety of requirements and offer opportunities 
for social interaction as well as learning and developing 
[14]. Required are identity and significance of tasks for 
feeling sense, autonomy for feeling responsibility and 
also feedback on real results [15]. Analyses of highly 
motivated people show that they take calculated, clear 
risks and concentrate on the work if possible without 
interruptions. They prefer independent situations with 
own responsibility, medium difficulty tasks with some 
new content as well as demand for initiative and 
creativity. They also need direct feedback and frequent 
own as well as external evaluation. The process of 

motivating can be supported if someone feels a need and 
receives stimulation [16]. 

Energy related literature describes how to specifically 
motivate for energy awareness. From literature in 
applied psychology Bilton et al. summarise that 
information able to promote energy conservation should 
contain specific rather than general environmental 
issues, involve social comparison with other people and 
build upon a commitment to act. Information should be 
presented frequently or by reminders, appear credible, 
easily validated and trustworthy. Personal delivery 
should be  tailored to the individual [5]. 

Related to demand side actions Capgemini shows the 
role of energy providers’ marketing in creating an 
appropriate psychological environment with the example 
of private customers. To be desired, actions should be 
connected with messages such as shown in Table 3 [4]. 

Table 3. Need drivers for demand side actions and messages 
communicating fulfilment, adapted from [4] 

Need driver Message 

Cost Efficiency By influencing energy demand, sensible cost 
savings can be achieved with minimum effort. 

Environment Unselfish participation supports environment 
and can make proud. 

Society Good citizens work together and all benefit. 

Guaranty Technology/method are proven, benefits are 
predictable, no technical or cost related risks. 

Simplicity It’s so simple anyone can use it, there is no 
additional stress or time effort. 

Empowerment Information and tools are given to reduce costs 
when necessary and desired. 

Social-conformity It is safer to follow society. 

Peer pressure It is the only acceptable thing to do. 

Aesthetics Participation is modern and thus desirable. 

The information required for timely, educated energy 
use decisions should be presented real-time and 
preferably unavoidable. A reminder of a proactive 
suggested solution for an imminent and costly personal 
over-demand that can be avoided with minimum effort is 
suggested. Measures of savings as well as how 
behaviour will positively affect and has already affected 
should illustrate clear rewards for environment, society 
and finances instead of presenting kWh values only [4]. 

Because in contrast to households factory tasks are 
assigned to several staff members, energy providers’ 
marketing activities would not reach all relevant 
stakeholders. Factory management would be in charge to 
ensure such marketing activities to the staff. 
Furthermore, in industry the motivation approach has to 
be adapted to different roles, as described. 
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4. Information requirements for motivated alignment 

The information content, information attributes, 
process of information presentation and task 
requirements for motivating staff members for demand 
side actions from section 3 are summarised in the 
‘Requirement’ column of Table 4. The requirements 
apply for energy cost savings by energy or power 
savings and savings by other demand side actions. The 
table also shows a proposed implementation with the 
example of energy aware scheduling by production 
planners. Considering the various types of requirements 
the extension of a planner’s tasks and possible 
enhancement of today’s scheduling software is described 
with functions and characteristics. One of the main 

changes would be the integration of energy aware 
equipment modes’ planning into scheduling considering 
technical and organisational constraints defined by shop 
floor staff. Accordingly such an analysis is required for 
every role influencing energy demand. 
Delivering the described information increases demand 
for information acquisition. For forecasting energy 
demand, the use of EnergyBlocks as mathematical 
representation of process demand is proposed in [17]. 
The presented example indicates that aligning energy 
demand to availability can lead to changed allocation of 
tasks. This leads to a distribution of responsibility for 
energy demand across planning and control staff. 
Furthermore there is the challenge of changing staff, e.g. 
between shifts or worker generations, leading 

Table 4. Summary of information and task requirements and proposed implementation for production planners 

 Requirement Proposed implementation for production planners 

A
: I

nf
or

m
at

io
n 

co
nt

en
t 

A1: Degrees of freedom (options for action), each 
with benefit and risk considering constraints 

A2: Energy use in own responsibility with costs 

A3: Energy or power limitation 

A4: Energy and energy cost saving potential 

A5: Personal relation to energy 

A6: Technical knowledge 

A7: Need and possible fulfilment 

A8: Summary and forecast of effect on 
environment, on sustainable development for the 
whole society and on own pocket 

A9: Existing commitment to act 

A10: Others’ success 

Feedback (A11: Real results, A12: Frequent own 
evaluation, A13: Frequent external evaluation) 

Proposed modified tasks: 

Integration of energy as resource to be allocated and understanding constraints 
conflicting to saving (D1, D5) 

Coercion to justify waste or refusal of contracted power activation (B2, C2) 

Protection against wrong selection of equipment modes by retrieval of constraints 
defined by operating staff (C4, D5, D7) 

Necessity for development of adapted schedule variants (D2, D3) 

Stimulation of discussion with operating personnel about constraints (D4) 

Energy and its cost integrated in regular personal target agreements (A13, C4, D7) 

Proposed additional scheduling software functions: 

Highlighting of the processes with main demand (A2, A6, D5) 

Presentation of energy demand and cost of the planned schedule as well as energy or 
power limit (A2, A3, D5) 

Comparison of planned energy cost to best values ever achieved (A10, A12, D5) 

Highlighting of points in time with processing during high price or with idling (A4, 
B2, C1, C2, C3, D5) 

Recommendation of equipment modes in the schedule with calculation of saving 
potential and risk (A1, A7, C2) 

Viewable constraints for recommended equipment modes (A6, D1, D5) 

Obligatory request for explanation in form of self-intended constraints, if schedule 
with waste or refusal of contractual activation should be saved (B2, C2, C3, D2, D7) 

Summing up of achieved energy, energy cost and emission savings and possible 
savings per year (A4, A5, A8, C3, D5, D6) 

Presentation of savings’ impact on annual company result and on collective success 
based salary benefits (A5, A8, C3, D1, D5, D6) 

Daily report on individual obtained savings for the manufacturing lines in own 
responsibility (A11, A12, B1, B4, C3, D5) 

Presentation of saving successes of other departments (A10) 

Reminder of energy related company strategy (A7, A9) 

Proposed additional scheduling software characteristics: 

Integration into schedule view without need for searching data manually (B5, C2) 

Presentation of values with depiction of their calculation if desired (A6, B3, D5) 

Designed comparable to modern accepted everyday devices (B4) 

B
: I

nf
or

m
at

io
n 

at
tri

bu
te

s 

B1: Presented frequently, real-time 

B2: Attention grabbing and unavoidable 

B3: Easily validated 

B4: Individual, aesthetic 

B5: Without over-saturation and interruption 

C
: I

nf
or

m
at

io
n 

pr
oc

es
s 

C1: Notification on situation with waste or 
required activation of a contractual power reserve 

C2: Integration in the workflow 

C3: Stimulation 

C4: Permission 

D
: T

as
k 

D1: Holistic 

D2: Variety of requirements 

D3: Demand for initiative and creativity 

D4: Social interaction 

D5: Learning and developing, some new content 

D6: Identity and significance 

D7: Autonomy 
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to the necessity for repeated motivational actions or 
motivating workplace design and company culture. 

This could be supported by self-explanatory 
workplace design, avoiding repeated measures for 
motivation, e.g. by designing them as learnstruments 
with self-explanatory functionality. These combine 
teaching and e-learning and support with context 
dependent information, and guide an interest driven 
learning process [18]. This could support understanding 
energy demand and flow, degrees of freedom for their 
influence and technical as well as organisational 
constraints to be reconsidered for elimination. 

5. Conclusion 

To approach the challenge of limited resources 
leading to increased integration of renewable energy into 
electricity supply, manufacturing industry can support 
the balance between energy demand and supply. 
Alignment of factory energy demand to availability 
represents actions with different time horizon. Saving 
approaches can be seen as part of such activities because 
weight given to energy is dependent on availability 
dependent cost, thus it influences the motivation for 
searching and exploiting saving potentials. 

There are human related differences in industrial 
demand side actions compared to home activities. 
Because of the multitude of stakeholders with influence 
on operations and thus factory energy demand, 
collaboration is required, e.g. by communication on 
constraints being opposed to aligning. 

Often reservation occurs if energy related targets are 
introduced into everyday work. Compared to motivation 
approaches for people at home, it seems difficult to 
convince factory staff by expressing individual benefit. 
The presented aspects of motivation theory, both general 
and energy related, show how information delivery 
could achieve inclusion of individual workers. 

By the presented example of production planners it 
comes clear, that following the different aspects of 
motivation can result in a multitude of information to be 
measured, calculated and presented in combination at the 
individual workplaces. The formerly described 
requirements of avoiding over-saturation with too much 
information, additional stress and interruptions during 
work can be challenging. Furthermore, today such 
calculation is difficult for a lot of information as well as 
its assignment to single workplaces, e.g. daily savings or 
savings allocated to certain equipment. Real-time 
measurement and evaluation systems can be a solution. 
Even if available, presenting all information 
simultaneously could end in confusing interfaces. 

Designing controllable information flows can 
alleviate this. Self-explanatory devices, e.g. in form of 

learnstruments, could meet the requirement of avoiding 
repeated measures for motivation despite staff changes. 

This work has focused on electricity but it seems 
worth to discuss it for further types of energy carriers 
also. Another challenge results from adapting the 
motivational approaches to all stakeholders in a factory. 
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