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Abstract 

Cyber physical production systems (CPPS) are of growing relevance for improving production machines, process chains or factories as a whole. 
In general, CPPS bear significant potential to improve the economic and environmental performance of production. However, for dynamically 
connecting the physical world with virtual (cyber) models extensive efforts for IT infrastructure (e.g. sensors, computers, visualization equipment) 
are necessary. Against this background, the paper aims at building up a methodology to assess those efforts from environmental point of view 
and bring them into context of potential improvement. The methodology is applied to different CPPS types in order to underline applicability and 
benefits. 
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1. Introduction 

Without a question sustainability and digitalization are two 
major trends in manufacturing and will have significant 
influence on the planning and control of future factories [1]. 
Sustainable development stands for an integrated consideration 
of environmental and social goals besides the pure economic 
perspective [2]. The necessity of incorporating and improving 
e.g. the environmental sustainability in manufacturing has been 
widely recognized by politics, research and industrial 
companies in the last years [3]. 

While having already started in the 1970s with the 3rd 
industrial revolution around automation and computer 
integrated manufacturing, the trend towards stronger 
digitalization in manufacturing is also strongly increasing in the 
last years [4]. Drivers for that are the stronger propagation and 
technological advances in information technology, leading to 
better performance and more opportunities as well as lower 
costs of IT. Cyber physical systems (CPS)  here called cyber 

physical production systems (CPPS) due to their application 
area (also according to [5]) - are one technical core element of 

th 
Industry 4.0, smart factory or industrial internet [6]. In general, 
CPS are 
are in intensive connection with the surrounding physical world 
and its on-going processes, providing and using, at the same 
time, data-accessing and data- [6]. In the 
meantime, many CPPS oriented approaches in context of 
process/machine control, maintenance, quality management 
and partly sustainable manufacturing are available at least in 
research and development. Whereas there are certainly some 
frontrunners, the broad dissemination into industrial practice is 
still accompanied by challenges [4] like safety and security 
issues, the lack of standards and necessary expertise. Another 
challenge is the perceived uncertainty regarding the favorable 
balance of necessary efforts and potential benefits (e.g. from 
environmental perspective) from CPPS (Figure 1). This is 
obviously true from economic (cost) perspective but has to be 
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considered from environmental side as well: does an integration 
of a CPPS really pays off environmentally? One the one hand, 
more and more complex IT systems are necessary which cause 
even additional environmental burden due to their production, 
operation and also disposal [7]. On the other hand, a large share 

measurements and derivation of improvement actions) might be 
achievable even without advanced approaches like CPPS.  
CPPS might just affect saturated areas of potential 
improvement which decreases the feasibility (favorable ratio of 
efforts and benefits) of their introduction.   

Against this background, this paper addresses the feasibility 
of CPPS in manufacturing from environmental perspective. As 
extension of studies on the environmental impact of e.g. IT 
components [9], and more qualitative considerations for CPPS 
as a whole [7], a framework and methodology for 
environmental feasibility assessment of CPPS from system 
perspective (including their potential benefits) is proposed here.  

2. Technical Background 

Of course nowadays almost all production systems involve 
a diversity of IT related hardware and software to enable 
operations (e.g. controls, manufacturing execution 
systems/MES). However, CPPS are specific approaches (there 
might be several in one production system) within that 
environment which aim to bring in new, designated 
functionalities. CPPS may utilize existing IT but also  as 

mentioned above  additional components might be involved. 
Based on the general definition of CPPS, Figure 2 shows an 
overall CPPS framework with four subsystems (I-IV) and their 
single elements as well as the interfaces (a-f). Whereas many 
approaches claim to be Industry 4.0 or CPPS solutions, the 
framework helps to identify whether and to which extend this 
is actually the case [10]. This framework can be used for single 
processes and machines but is also applicable for factories as a 
whole. 

subsystem connected by data acquisition and 
decision support resp. control functionalities. The physical 
world (I) includes the actual physical equipment (production 
machines, technical building services, building, factory as a 
whole) with its specific configuration and control parameters. 
It is influenced by a diversity of internal and external factors 
and there are also diverse measurable variables depicting the 
state of the considered physical entity. Through data 
acquisition (II), those influencing factors and state variables 
can be gathered with potentially high temporal and spatial 
resolution as well as treated and stored in appropriate database 
structures. Within the cyber world (III), those data flows are 
deployed for advanced analysis and forecasting approaches 
which can be based on data mining and/or simulation methods. 
The output of those virtual models can be used as decision 
support (IV) for different stakeholders or directly embedded 
within an automated control (IV) of technical systems. The 
aim is to close the loop and either manually or automatically 
influence the considered physical world through its design and 
control parameters. In any case, the human should stay in focus 
at least through appropriate visualization of what is happening 
in the systems. A diversity of connecting interfaces (a-h) is 
also involved which ensure information exchange between all 
subsystems and elements. This includes all hardware and 
software (e.g. network devices, cables, protocols) components 
which can differ for each individual interface. 

3. Methodology 

As shown before, the introduction of CPPS demands new 
system elements which are embodied through different 
technical components. They might cause additional 
environmental impact which counteracts potential 
improvements. In order to allow a holistic consideration of 
their environmental impact a life cycle perspective is necessary 
(Figure 3). Thus, the presented methodology orientates on the 
Life Cycle Assessment method as defined in ISO 14040. 
However, for reasons of simplicity and applicability some steps 
are simplified or shown in aggregated manner. 

3.1. Goal and Scope Definition  

The goal of the methodology is to investigate the 
environmental feasibility of CPPS introduction. Thus, the 
system boundary is a defined physical production system (i.e. 
either one/several machines, factory as a whole). While 
deploying energy and resources, this system produces a defined 
valuable output in terms of products, provision of energy or 

Figure 1: Qualitative illustration of efforts and benefits related to methods 
and tools for sustainable manufacturing (inspired by [8], dashed arrows 
indicate uncertainty).  

Figure 2: CPPS Framework with subsystems/elements and interfaces 
(adapted from [10]). 
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production conditions (e.g. for technical building services). In 
the sense of the functional unit, this valuable output and also 
related energy and resource flows are kept as reference and 
serve as base for comparison of CPPS and non-CPPS scenarios.  

Figure 3 shows the general idea and understanding of the 
methodology. A production system without CPPS demands a 
certain amount of energy and resources leading to an increasing 
(cumulating) environmental impact (EISystem,Use) over the use 
phase. Please note that the cradle to gate environmental impact 
of the production equipment itself is neglected here since it has 
no influence for the intended analysis. For pragmatic reasons 
just global warming potential (GWP) is used as environmental 
impact category here. Certainly there are other impact 
categories (e.g. human or eco toxicity, land use, resource 
depletion) that might be relevant. However, energy demand is 
an important aspect here which is mainly related to GWP. Even 
more, data availability is very good for GWP. 
 

Through introduction of CPPS several effects occur in the 
considered system. As indicated before, additional technical 
components come into play which carry a certain 
environmental backpack  (cradle to gate, EICPPS,CtoG) through 

involved materials and their production (e.g. materials and 
energy demand for producing a server).  This leads to a setoff 
of the curve. Even more, those components typically cause 
additional environmental impact over their use phase 
(EICPPS,Use) which increases the slope of the curve (e.g. through 
energy demand of server). However, the idea is of course to 
reach the environmental breakeven point  the additional 

 should be set off through EI 
improvements/savings (EIsavings) in the actual production 
systems (e.g. energy efficient machine operation based on data 
based process model). Thus, based on the EISystem,Use, the 
resulting slope of the curve is simultaneously influenced by 
additional CPPS environmental impact (EICPPS,CtoG, EICPPS,Use) 
but also savings through CPPS application (EIsavings). 
Therewith, the resulting environmental impact (EItotal) of the 
considered production system is calculated with  

 

             (1) 
 

The end of life phase of components is neglected at this stage 
due to data availability but can be easily added in this equation 
as well.  

3.2. Data collection (cradle to gate) 

environmental 
data (EICPPS,CtoG) for additional CPPS components are an 
important base for further assessment since they set the 
starting/setoff point for comparison. This data includes all 
environmental impact of the material and production phase. 

Through their different subsystems, CPPS may demand a 
diversity of different IT related components such as 
computers/servers with their peripheral devices (e.g. keyboard, 
mouse), network equipment (e.g. gateways/hubs, cables), 
additional sensors, batteries, and devices for user interaction 
like LCD displays, tablet PCs or virtual/augmented reality 
devices (some exemplary setups can be found in [7]). Relevant 
information can be found in the technical documentation or 
environmental declaration forms of some components (e.g. 
[11]), diverse studies (e.g. [12, 13]) or also in more general form 
in Life Cycle Inventory (LCI) databases like EcoInventTM [14]. 
A selected overview is given in Table 1. For reasons of data 
availability and comparability Life Cycle Impact Assessment 
(LCIA) data was directly used here with Global Warming 
Potential/GWP (in CO2 equivalents) as only impact category.  

Table 1: Environmental impact (cradle to gate) of selected CPPS components. 

Component Value  
[in kg CO2eq] 

Reference Unit Ref. 

Desktop Computer 270 to 1.300 1 pc. w/o display [15] 
LCD Display  297  1 pc. [12] 
Computer Keyboard 26,35  1 pc. [14] 
Data server 245  1.160 1 pc. [16] 
AA Battery (Li-ion) 0,124  1 pc. [14] 
AA Battery (NiMH) 0,639  1 pc. [14] 
Printed Circuit 
Boards (PCB) 

34*-54,56+ 1 kg +[14] 
*[9] 

Wiring 0,0378  1 meter (1mm3 
diameter) 

[17] 

PP Housing 
injection moulded 

3,06  1 kg [14] 

Virtual desktop/ 
cloud operation 

0,29  0,38  per Gigabyte [18] 

Network Switch 91,8  1 pc. [12] 
Tablet (IPad 5) 116  1 pc. [11] 
Integrated circuits 
(IC), silicon die area 

2,2  1 cm² [9] 

Integrated circuits 
(IC), all types 

180  1 kg [9] 

Chargers 36 1 kg [9] 
 
Two challenges are connected to the data: firstly, the 

necessary case specific data for the actual CPPS under 
consideration is seldom available at hand. Thus, comparable 
data or (bottom-up) model based estimations have to be used. 
As example, a sensor node can be considered as printed circuit 
board with diverse components like integrated circuits (e.g. 
CPU) within a plastic housing (e.g. injection moulded or 3d 
printed). On this level, LCI/LCIA data is well available and can 
be calculated for the considered case through specific weight 
shares (some examples also given in Table 1). Obviously the 
modelling effort can be very high and so model 
simplification/aggregation is recommendable based on 
typically LCA cut-off criteria. As a second point, data that can 
be found is often quite ambiguous  studies might significantly 

Figure 3: Life cycle perspective on CPPS. 
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differ with their results depending on specific components 
under consideration and analyses settings. As example, Teehan 
made a comparison for desktop PC which shows a range 270 to 
1.300 kg CO2eq according to different studies considered [15]. 
Again, values comparable to the specific case need to be taken and 
also their sensitivity for total environmental impact should be 
analysed to improve results for the CPPS assessment. 

3.3. Data collection (use phase) 

For the additional environmental impact of the CPPS 
(EICPPS,Use) over the use phase the energy demand of all active 
components is of interest, all other energy and material flows 
(e.g. heat losses, other emissions, any auxiliary materials) are 
not relevant in this context. Necessary replacements of CPPS 
components might be a factor when considering longer 
operating times  this can be considered through multiple 
accounting of the respective EICPPS,CtoG (e.g. Table 1). 

During operation of CPPS diverse components need energy. 
Whereas i.e. visualization devices, sensors and network 
equipment just demand few Watts (e.g. IPad approx. 4 Watt), 
involved computers/data servers clearly dominated the energy 
demand of CPPS. Studies [16] [19] show again a very broad 
range with values from 50 to 600 Watts for single servers (for 
bigger servers also >1000W). The individual energy demand 
depends on the configuration of the system (e.g. number and 
type of CPUs and other parts) but also strongly  as shown in 
Figure 4  on its utilization of installed capacity (please note 
that even without processing almost 30% of energy is 
demanded). This is a very important point since it affects the 
dimensioning but also time dependent dynamic aspects of 
CPPS and the respective environmental impact.  

 The total energy demand is the integral of the power over 

the operating time. According to the point above, a clear 
distinction of different operation scenarios (e.g. high shares of 
idle or maximum load) is useful since the values might differ 
by up to 70%. To ensure usability for the presented 
methodology, the resulting energy demand (e.g. in kWh) needs 
to be converted in the GWP indicator (in kg CO2eq) via the local 
electricity emission factor (e.g. approx. 0,600 kg CO2eq per 
kWh for Germany). 

Due to the variety of application fields, an individual 
calculation of the CPPS induced environmental improvement 
resp. saving potential (EIsavings) is necessary. It is important to 
mention that this is of course not limited to energy as field of 

action (in different forms like electricity, compressed air, heat) 
but may also affect e.g. material (e.g. reduced material losses 
through better process control) or direct emission (e.g. 
avoidance or reuse of heat emissions) savings. However, all 
these impacts need to be converted again into GWP; in this case 
individual conversion factors for the respective energy form or 
material are necessary. 

4. Case Studies 

To underline the applicability and potential insights of the 
methodology it was applied to two different case studies.  

4.1. Continuous Energy Monitoring (EnyFlow) 

Gaining energy transparency is a crucial step for energy 
management; for that manifold technical systems differing in 
terms of effort and applicability are available nowadays (e.g. 
Posselt identified >90 solutions on the market, [8]). The 

the 
role as enabler. However, just making flows visible does not 
automatically lead to energy savings. Thus, it would be 
worthwhile to know how much energy needs to be saved 
annually through derived improvement measures to achieve an 
environmentally feasible scenario.  

For this case study, the energy monitoring solution EnyFlow 
(Figure 5) is considered which is a relatively low cost 
monitoring tool especially addressing the needs of small and 
medium sized enterprises (SME) [8]. The solution collects 
energy demand data with resolution of 1 second from machine 
sensors, stores it via wired connection into a central database 
(desktop computer with 150 W running 8760 hours a year) and 
displays the results with a dedicated Apple IPad application. It 
is applied on a set of machine tools in Germany demanding in 
average approx. 10 kW on energy in a one shift system (220 
working days per year).  

Additional CPPS components (computer with peripherals 
[12], display, network switch, cables, tablet, sensors as PCBs 
with PP housing) were modeled like described before. Figure 6 
shows the results of the environmental assessment over a period 
of 3 years. Obviously the additional CPPS environmental 
impact is rather small in contrast to the impact of the physical 
production system. This is not surprising but also not in focus: 
the CPPS EI (here EICPPS,CtoG 868 kg CO2eq, EICPPS,Use approx. 
2.000 kg CO2eq over 3 years) rather needs to be hold against 
the potential improvement that it can make on the physical 

Figure 5: EnyFlow Energy monitoring application [8]. 

Figure 4: Influence of utilisation on power demand of database server [19]. 
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system. Without induced improvements, introducing EnyFlow 
would increase the EI by 7,7%. 20% effect through EIsavings 
(meaning 20% improvement of EISystem,Use - which can be quite 
ambitious) would lead to an overall improvement (Etotal) of 
12,6% and lead to an environmental breakeven below one year. 
In contrast to that, an improvement below 10% would not lead 
to a breakeven in three years. 

4.2. 3D thermal emission monitoring 

The second case study considers a 3D thermal emission 
monitoring system in a factory. It is built up on a set of 36 
sensor nodes distributed in the building which continuously 
feeds temperature data into a CFD simulation running on a high 
performance computer (300W). This simulation calculates the 
three dimensional distribution of temperatures and air flows in 
the building (Figure 7, more information in [20]).  

The goal is to operate the HVAC (heating, ventilation, air 
conditioning) system in a more energy efficient way and also to 
gain more knowledge as base for further factory planning. In 
the given case approx. 88000 kWh of technical heat are 
necessary to heat the building over the year. Again the CPPS 
was modelled as described with sensor nodes, necessary 
rechargeable AA batteries (for sensor nodes), LCD screen and 
desktop PC as components. Figure 8 shows the results over 3 
years for the case of Germany and respective GWP conversion 

factors for electricity and technical heat usage. EICPPS,CtoG 

(approx. 700 kg CO2eq) is a bit lower in this caser due to less 
complex infrastructure. In contrast, EICPPS,Use (4.000 kg CO2eq) 
is significantly higher since the computer needs far more energy 
for the complex simulations. In total, a potential improvement 
of 20% would again lead to a positive feasibility for this CPPS 
from overall perspective. However, more specific calculations 
of the actual potential show that 5-8% are more realistic values 
to consider which would clearly shift the breakeven point 
towards three years.  

5. General synthesis 

The case studies underlined that EICPPS,CtoG is dominated by 
few components, typically desktop computers/database servers 
and connected screens.  Of course exceptions are always 
possible but a value between 500-1.500 kg CO2eq is a good 

system. The same components also strongly dominate 
EICPPS,Use. Especially for those components, the operating time 
is an important leverage  especially monitoring and control 
applications may run continuously (24/7) which is typically 
more than the operating time of the physical production system 
itself. Altogether, careful dimensioning and control of those 
components can be seen as one of the key factors for 
environmental feasibility of CPPS.  

Regarding the CPPS induced EI improvements, predictions 
are very case specific and can be difficult, especially in the 
planning phase of a CPPS. It is important to take into 
consideration the specific improvement potential that is 
addressed: e.g. for the case of energy demand of production 
machines, a CPPS might just address certain shares of that, e.g. 
reducing idle (e.g. through intelligent shutdown) or process 
(e.g. through alternative process control) energy demand. Thus, 
the potential is significantly lower compared to take the full 
energy demand of the machine into account.  

As decision support for assessing CPPS, a feasibility 
diagrams like proposed in Figure 9 can be used. It shows 
favorable and non-favorable areas for CPPS based on the 
absolute potential (in kWh) that is addressed combined with 
necessary relative improvement impact over a defined time 
frame (here: 3 years). Isopleths mark the breakeven line. With 
that, for a given production situation (with its potential) 
necessary relative improvements to achieve a breakeven in a 
given time frame can be derived. For the shown example for 
case study 1 (energy monitoring, 150 W energy demand over 
8760h/year) approx. 11% are necessary, assuming a more 

Figure 6: Environmental impact of Case Study 1 (EnyFlow) 

Figure 9: CPPS environmental feasibility diagram (example case study 1). 
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energy demanding computer (300 W) would increase that to 
18%. For case study 2 (3d emission monitoring), 5% 
improvement are necessary to achieve an environmental 
breakeven within three years.  

6. Summary and Critical Review  

The paper shows that the feasibility of CPPS is highly case 
specific and depends on configuration, operation modes and 
general circumstances. Against this background, the given 
framework and methodology shall give a systematic procedure 
and allows transferability to other cases. However, a diversity 
of discussion points from technical and methodological side 
arise which need to be reflected in application and further 
research work: 

Scalability: CPPS setups like shown above are quite 
scalable and can be used for larger and more complex 
applications as well. Thus, feasibility increases since the 
improvement potential rises with similar comparable efforts. 
There is no clear linear relationship between efforts and 
benefits. Depending on the specific case also more components 
might be necessary, even several computers and database 
servers in parallel (e.g. simultaneous sensing and processing of 
very different state variables).  

Linearity of efforts and improvements: The linear 
illustration of environmental impact development (Figure 3) is 
certainly an idealistic representation. IT components follow 
individual behavior (e.g. failures/replacements, energy 
demand) and also CPPS induced improvements might occur in 
other patterns, e.g. improvements could follow a S-curve with 
phasing out effects. This might demand an alternative operation 
and also advanced assessment of CPPS. Equation (1) is still 
valid in general but would need to be detailed in terms of time 
resolution, separation of different components and integration 
of more complex mathematical time-dependent functions.  

Allocation issues: a couple of allocation questions come up 
as well, e.g. the CPPS may utilize equipment which is there 
anyway and/or used for other applications (e.g. computers).  

Simplifications: several simplifications have been made, 
e.g. not all components have been considered in detail. There 
might be even more additional components especially for 
interacting with the physical world (e.g. actuating elements) - 
those were seen as given for this study and not considered. Due 
to lack of exact and specific data, values (e.g. cradle to gate 
data) are based on literature/database analysis and components 
were modelled in simplified way.  

LCA application: obviously not a full LCA was conducted, 
the procedure was shortened/simplified (e.g. no end of life) and 
with GWP just one impact category was considered. Especially 
the latter point can lead to misleading results since efforts and 
benefits might affect other categories as well.  

Economic perspective: due to the given focus of the paper, 
the economic side was left out on purpose here. Of course it is 
extremely relevant for industrial practice and might look quite 
different compared to the environmental assessment. The 
presented methodology can be easily transferred to that but 
more factors play a role for the costs, e.g. labor (installation, 
operation) and relative to their environmental impact higher 

costs for components (e.g. due to profit surcharges). However, 
also more potentials can be found that do not directly affect the 
environmental perspective, e.g. an energy monitoring system is 
necessary for energy management audit which might lead to 
tax reliefs. 
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