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Abstract 
Manufacturing is a competitive global market and efforts to mitigate climate change are at the 

forefront of public perception. Current trends in manufacturing aim to reduce costs and increase 

sustainability without negatively affecting the yield of finished products, thus maintaining or 

improving profits. Effective use of energy within a manufacturing environment can help in this regard 

by lowering overhead costs. Significant benefit can be gained by utilising simulations in order to 

predict energy demand allowing companies to make effective retrofit decisions based on energy as 

well as other metrics such as resource use, throughput and overhead costs. Traditionally, Building 

Energy Modelling (BEM) and Manufacturing Process Simulation (MPS) have been used extensively in 

their respective fields but they remain separate and segregated which limits the simulation window 

used to identify energy improvements. 

This review details modelling approaches and the simulation tools that have been used, or are 

available, in an attempt to combine BEM and MPS, or elements from each, into a holistic approach. 

Such an approach would be able to simulate the interdependencies of multiple layers contained within 

a factory from production machines, process lines and Technical Building Services (TBS) to the building 

shell. Thus achieving a greater perspective for identifying energy improvement measures across the 

entire operating spectrum and multiple, if not all, manufacturing industries. In doing so the challenges 

associated with incorporating BEM in manufacturing simulation are highlighted as well as gaps within 

the research for exploitation through future research. This paper identified requirements for the 
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development of a holistic energy simulation tool for use in a manufacturing facility, that is capable of 

simulating interdependencies between different building layers and systems, and a rapid method of 

3D building geometry generation from site data or existing BIM in an appropriate format for energy 

simulations of existing factory buildings. 

Keywords 
Building Energy Modelling; Manufacturing Process Simulation; Holistic Industrial Energy Use 

Simulation; Co-simulation; Industry; Energy Use 
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1. Introduction 
Against the backdrop of increasingly competitive global markets and climate change, manufacturers 

aim to reduce costs and increase sustainability without negatively affecting the yield of their finished 

products, thus maintaining or improving profits. An improvement in energy efficiency or reduction in 

energy use during manufacturing is an effective method of achieving both goals [1,2]. The energy use 

by industry accounted for 54% of delivered end-use energy globally in 2012 [3], see Fig. 1-1a, and this 

is predicted to have reduced slightly to 53% in 2040. Therefore, attempts at reducing energy usage 

within industry could have the greatest effect on reducing global end-use energy when compared with 

residential buildings, commercial buildings, transportation and other end-use sectors. Although the 

global end-use energy for industry is 54%, each country will deviate from this global mean depending 

on its own manufacturing activity [4]. This is illustrated in Fig. 1-1b which depicts the breakdown of 

2015 United Kingdom (UK) end-use energy by sector, of which 17% accounts for industrial use [5]. 

a) b)  

Fig. 1-1 ʹ Breakdown of a) 2012 Global End-Use Energy by Sector [3], b) 2015 UK End-Use Energy by Sector [5] 

By examining the UK industrial energy use, see Fig. 1-2, it is clear that a significant proportion of energy 

is utilised on building services (e.g. space heating and lighting) as well as manufacturing or industrial 

processes. As such, both should be considered together in attempts to achieve more effective energy 

savings within industry. 
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Fig. 1-2 - UK Industrial energy use percentage split by process type, 2015 [5] 

By modelling entire manufacturing facilities, a holistic approach can be taken in assessing all of the 

interconnected systems [6], allowing for the identification of areas, where the most potential exists 

for improvements in energy efficiency, throughput or both. This is applicable to existing factories, that 

ﾏ;┞ ｴ;┗W ┌ﾐSWヴｪﾗﾐW SWI;SWゲげ ┘ﾗヴデｴ ﾗa ヴWﾐﾗ┗;デｷﾗﾐが SWﾏﾗﾉｷデｷﾗﾐ ;ﾐS ヴWH┌ｷﾉSｷﾐｪが ;ﾐS ﾐW┘ a;IデﾗヴｷWゲく Iﾐ 
the UK it is estimated that 70% of the existing building stock from 2010 will still be utilised in 2050 [7]. 

This figure is for residential and commercial buildings; however, a similarly large proportion of the 
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existing manufacturing plants would be expected to still be in use in 2050; albeit with modifications 

to meet changing business demands. 

Building Energy Modelling (BEM) and Manufacturing Process Simulation (MPS) are mature techniques 

for analysis. BEM is traditionally used to analyse a thermal building envelope and is widely used for 

residential and commercial building assessment (e.g. DesignBuilder [8], EnergyPlus Simulation 

Engine [9], eQuest [10], Green Building Studio [11], International Building Physics Toolbox (IBPT) [12], 

Integrated Environmental Solutions (IES) Virtual Environment (VE) [13], 

Modelica Buildings Library [14] and Sefaira [15]). MPS is traditionally used to optimise a 

manufacturing process line by assessing parameters such as machine utilisation and throughput 

(e.g. AnyLogic [16], Arena [17], DELMIA [18], FlexSim [19], Plant Simulation [20], Simio [21] and 

SIMUL8 [22]). BEM application in a manufacturing facility has only begun to be applied in recent 

years [23,24] and traditionally MPS has not focused on energy use between manufacturing 

equipment, utilities or the building for the purposes of energy efficiency improvements [25,26]. 

A combination of elements from both techniques offer a potential solution that would allow effective 

retrofit or modification decisions to be made holistically within a manufacturing facility. Such a 

solution should aim to identify potential options to reduce energy use while maintaining or improving 

facility productivity. Rahimifard et al [27] argue that considering energy use ;デ ; さヮﾉ;ﾐデざ ふBEMぶ ﾗヴ 
さヮヴﾗIWゲゲざ ふMPS) level independently does now allow manufacturers to identify how much energy is 

used per unit product. As such this review will address the research undertaken to date that has 

attempted to combine elements of BEM and MPS. 

A note on terminology and definitions; 

 Several modelling approaches are discussed within this paper and are defines as thus; 

o Time-driven に A modelling approach in which time is a simulation variable that is 

incremented at set discrete intervals and all computation is conducted at each 

increment. 

o Event-driven に A modelling approach in which discrete events in a sequence, such as 

a production line, are incremented sequentially, regardless of time between events, 

and all computation is conducted at each increment. 

o Continuous flow に A modelling approach that simulates a continuous time and mixed 

state Markov Process for a system that utilises buffers and continuous mass flow 

concepts, such as a production line [28]. 

o Numerical techniques に A modelling approach that uses any numerical methodology 

other than simulation. This can include measurements, experimentation and 

calculation from first principles. 

o Agent driven に A modelling approach that comprises components of a whole system 

that are autonomous agents interacting in and with a defined environment. Agent 

driven modelling can be either time-driven or event-driven or a hybrid of both using 

an event-driven time advance [29]. 

o Co-simulation に A modelling approach where each subsystem within a larger system 

is simulated independently using the most suitable technique. Between system 

simulation iterations, the inputs and outputs of each subsystem are communicated 

between each applicable subsystem. This is then repeated until a system equilibrium 

is achieved. 

 This paper includes discussion and comparison of the merits of simulation software Graphical 

User Interfaces (GUIs), that use external simulation engines, with the simulation engines 
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themselves. This is to highlight the limitations of using certain software configurations for 

future research. 

1.1. Methodology 

The methodology employed in this literature review was systematic in nature. Applicable literature 

was identified by performing keyword searches; this included previous reviews as well as standalone 

research. The citations of these papers were followed to identify applicable research that had built on 

the initial tranche of research papers. This was repeated as many times as required until the most 

current research in the field was identified and the citation trails stopped. This methodology is 

summarised in Fig. 1-3. 

 

Fig. 1-3 - Simplified Graphical Representation of Review Methodology 

1.2. Previous Related Work 

Previous studies have focussed on either BEM or MPS modelling approaches that incorporate 

elements of the other. In addition, reviews that are considered a holistic approach without a specific 

focus on either BEM or MPS have been summarised here. 

While there are previous reviews in the use of varying BEM methodologies [30に35] an examination of 

the literature highlighted that reviews of BEM research that attempt to incorporate MPS is scarce, 

except for the fully holistic reviews described later in this Section. However, Seow et al [36] reviewed 

current commercially available software for energy management and analysis. The software packages 

were categorized as follows; 1) Product life cycle or 2) Energy management based. Ten software 

packages were assessed in the product lifecycle category and twenty were considered in the energy 

management category. The authors identified that there was a distinct lack of product life cycle tools 

that are able to model energy use for manufacturing. But the tools that were available lacked details 

on the embodied energy in product manufacture. The energy management software reviewed could 

model and monitor the energy flows within a manufacturing facility but could not provide a detailed 

breakdown of energy used per product manufactured. As such both tools are considered as static 

analytical tools but the authors speculated that the use of Discrete Event Simulation (DES) could allow 

the use of dynamics of a system to be included in any simulation. The paper concluded that there is a 

gap in existing approaches for modelling energy flows, a lack of tools to highlight energy hotspots 

during a product lifecycle and tools that can handle the complexities of production operations 

required to manufacture a product. The paper was limited in that it did not attempt any of the 

modelling techniques it had highlighted as potential solutions. 

Previous literature reviews exist with a focus on MPS however the majority fail to, or to a limited 

extent, include attempts to incorporate elements of BEM or Technical Building Services (TBS). A 

summary of these reviews is not included within this paper however they still provide value in 

modelling energy use at the process or machine level [37に48]. 
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Haapala et al [25] produced a comprehensive review of research in the subject area of sustainable 

manufacturing. This included one of the main areas of research for achieving a sustainable 

ﾏ;ﾐ┌a;Iデ┌ヴｷﾐｪ ゲ┞ゲデWﾏき さSWゲｷｪﾐ ﾗa Wﾐ┗ｷヴﾗﾐﾏWﾐデ;ﾉﾉ┞ IﾗﾐゲIｷﾗ┌ゲ ヮヴﾗS┌Iデｷﾗﾐ ゲ┞ゲデWﾏゲざく Tｴｷゲ IﾗﾐゲｷSWヴWS 
techniques such as energy auditing and appropriate planning and schedule of manufacturing 

processes. In the discussions the authors recommend that manufacturing systems should focus 

attention on resource use, waste production and reduction of negative environmental impacts 

through continuous improvements. They noted that facility level savings in the region of 5-10%, for 

low cost changes, or up to 50%, following significant changes to facilities, operations and practices, 

are possible. Gutowski et al [49] identified that idle machines can use 85% of equipment energy and 

other research papers [6,50] showed improvements in energy efficiency of 30% via simulation-assisted 

process planning. In conclusion the authors noted that development and application of technology 

can dramatically affect the sustainability of manufacturing systems. 

Herrmann et al [50] and Thiede et al [2] reviewed the use of DES for modelling energy use within 

manufacturing facilities with a focus on commercially available tools. Both identified that 

commercially available DES software did not incorporate energy flows as standard. However, 

Herrmann et al [50] acknowledged that existing research had achieved energy modelling by 

developing DES software and categorised them into three paradigms, see Fig. 1-4. Paradigm-A would 

allow good modelling of energy flows by having the evaluation external to the DES but would not be 

able to model the interdependencies and dynamic energy flows within a facility. Paradigm-B allows a 

high resolution in assessment of energy flows but would require specific simulation models in separate 

tools reducing transferability and increasing modelling and simulation time. Paradigm-C provides a 

さﾗﾐW-ゲデﾗヮ ゲﾗﾉ┌デｷﾗﾐざ ;ﾐS I;ﾐ ｴ;ﾐSﾉW デｴW S┞ﾐ;ﾏｷIゲ ﾗa WﾐWヴｪ┞ ┌ゲW ┘ｷデｴｷﾐ a;Iｷﾉｷデ┞ ﾉ;┞Wヴゲく However, it is 

limited by the GUI and features provided to the user. Outcomes of this research are detailed in 

Section 3. 

 

Fig. 1-4 ʹ Paradigms for simulating energy flows in manufacturing systems [50] 

Thiede et al [2] surveyed commercially available DES software and presented the survey results, see 

Fig. 1-5. Future areas for research in DES were identified as including energy not directly related to 

the manufacturing process in simulation tools [36], ensuring tools are capable of assessing multiple 

さ┘ｴ;デ-ｷaいざ ゲIWﾐ;ヴｷﾗゲが IﾗﾏヮﾉWデW ; IﾗﾏヮヴWｴWﾐゲｷ┗W ヴW┗ｷew of electricity metering and monitoring 

systems, establishing appropriate level of simulation details, integration of energy modelling with 

production control systems and that a centralised database to support energy modelling would be 
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extremely beneficial that could be enabled by the development of an international framework to 

standardise the approach of energy modelling in production systems. 

 

Fig. 1-5 ʹ Number of DES software that include environmental modelling capabilities as standard [2] 

The MPS reviews have shown that DES is the most favoured method for modelling manufacturing 

process lines. However, DES will not be able to simulate thermal building energy performance which 

is usually performed using a time-step method. As such Paradigm-B as proposed by Herrmann et 

al [50], where the two are modelled separately and then evaluated together appears the most 

promising approach to incorporate BEM into MPS. 

Two papers [51,52] included a holistic consideration of the facility and process, however they were 

predominantly policy based and did not provide sufficient details on holistic modelling and simulation 

methodologies. These papers are excluded from this paper for this reason. However, they do provide 

value in considering future policy direction that aims to combine ecology and economics of a 

manufacturing environment. 

Duflou et al [53] produced a comprehensive review of literature investigating the potential for 

improved energy and material efficiency ranging across the five key manufacturing levels. 1) Process 

tools; the authors identified that redesigns to the equipment offered the most potential. 

2) Multi-machine systems; resource reuse opportunities can be identified via exergy cascading 

techniques and simulation techniques can support reduction of peak power and energy use. 3) Factory 

level; simulation becomes a predominant tool to handle the complexities of an entire facility and it 

was noted that TBS can be responsible for a large proportion of energy usage. 4) Multi-facility systems; 

co-location of production plants offers a significant opportunity for resource sharing and reuse. 

5) Supply chain; regional electricity generation techniques hold sway on the environmental impact of 

the entire supply chain with proximity and local climate of individual facilities in a supply chain 

influencing energy requirements. The authors concluded that the techniques discussed can be 

implemented using current knowledge and technology offering a reduction in global energy use of at 

least 50%. 

Mousavi et al [54] reviewed existing research as a pre-cursor to their own research as summarised in 

Section 4. The reviewed research reported the organisation of manufacturing activities, based on 

three of the levels suggested by Duflou et al [53]; Process tools, Multi-machine systems and Factory, 

including current approaches on each level to achieving improved energy efficiency, and water 

efficiency in manufacturing. At a process level, state-based modelling (e.g. DES) is the preferred 

technique, however these are not comprehensive as they cannot account for energy use in states 

other than machining and are therefore limited for a total facility energy use simulation. At a system 

level the authors described efforts made to incorporate facility energy modelling by extending 
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state-based modelling to incorporate TBSs based on the demand of production processes. The authors 

also described other non-state-based methods such as the energy-block concept, petri-net concept or 

splitting demand into energy used directly by processes and energy used by supporting systems. 

Research into water efficiency was identified as a scarce topic within the literature however some 

attempts had been made. The authors concluded their review of the literature by stating that there is 

no holistic method to simulate energy and water use from machine tools to the factory level. 

Herrmann et al [55] described the concept of a holistic factory and the different variations this takes 

within the literature. The key to the holistic concept is the ability to simulate the complex interactions 

and interdependencies of all equipment, process and facility systems, see Fig. 1-6. The authors 

reviewed six research papers against six research focuses; 1) Production structure, 2) Energy flows, 

3) Resource flows, 4) Human factor, learning and social aspects, 5) Symbiosis and spatial context and 

6) Information and Communication Technology (ICT) and Cyber Physical Systems (CPS). In the review 

the authors identified the extent of consideration each research paper gave to each research topic. 

The authors identified that energy and resource flow is well considered but human factors, learning 

and social aspects as well as ICT and CPS considerations were lacking within the literature. The paper 

concluded by stating that the described holistic factory concept, and how it can be achieved, closed a 

research gap regarding trends in manufacturing allowing the factory of the future to address 

sustainable manufacturing by considering ecological and social aspects compared to the existing 

economic viewpoint. 

 

Fig. 1-6 ʹ Holistic understanding of factory of the future [55] 

Webber et al [26] emphasised the importance of an integrated consideration (i.e. holistic) of 

manufacturing facilities. The authors described a methodology, that when applied, would enable 

decision making for remodelling and expanding existing facilities. They also identified that by 

considering systems within a manufacturing environment, holistically, untapped energy and resource 
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potentials could be exploited. Following a brief review of literature, it was identified that the 

effectiveness of a holistic modelling approach is important due to the interoperability of different 

software platforms and that computer interfaces are yet to be standardised. This makes it a challenge 

to apply the existing methodologies to Small and Medium sized Enterprises (SMEs). This is 

compounded by a lack of evaluation methods and adequate tools to assess advanced energy savings. 

The proposed methodology included how to plan for remodelling and expansion of a facility, 

incorporation of smart grid technology and identifying potential recovery options of waste heat. The 

methodology was then applied to two industrial use cases. The authors concluded that waste heat 

and battery storage were identified as important enabling technologies for SMEs and were then 

assessed further to develop tools for the identification of potential savings. 

Common among these holistic research reviews is the requirement to structure and compartmentalise 

the facility into machine, process and facility type arrangement; in some cases, more layers are 

used [53]. This would allow for the best simulation to be selected for each area under consideration 

however this may not achieve the desired level of interaction between all different processes to be 

truly holistic. Ultimately the increase in accuracy on a truly holistic simulation may determine if it is 

worth pursuing over a compartmentalised holistic approach. 

1.3. Scope of Current Study 

This paper presents the modelling approaches reviewed within the existing literature, building on the 

previous reviews described in Section 1.2, and describes the software tools available that are able to 

implement the discussed modelling approaches. This is split into three sections; 1) BEM, 2) MPS and 

3) Holistic Simulation. BEM initially focuses on the energy modelling of a building shell and gradually 

works into the manufacturing equipment. MPS initially focusses on the energy modelling of the 

manufacturing equipment and gradually works out to building shell. Holistic Simulation, in the context 

of this paper, aims to consider the Building and Processes equally. Next, capability matrices presenting 

a summary of the modelling approaches and software tools are discussed, ; SｷゲI┌ゲゲｷﾗﾐ ﾗa デｴW ヴW┗ｷW┘げゲ 
findings is presented including observations made as well as identification of key challenges and 

potential solutions for overcoming these challenges via future research. 



TLGPhD_004_004v2 

Page 11 of 39 

2. Building Energy Modelling (BEM) 
Using two case studies, Bawaneh et al [23] presented four separate time-driven methods, for 

estimating the non-process energy use; 1) direct measurement of non-process energy, 2) direct 

measurement of process energy to be subtracted from total facility energy use, 3) creation of a 

regression model and 4) using BEM software, in this case the EnergyPlus Simulation Engine [9]. The 

authors concluded their study by highlighting the advantage of being able to utilise different 

non-process energy estimation methods as comparators, based on the available plant information and 

to inspect accuracy of each method. The first three methods were deemed to produce accurate results 

but were time consuming and expensive to implement whereas method number four was able to 

easily produce results quickly but the accuracy of results was diminished. To conclude the authors 

Iﾉ;ｷﾏWS デｴW ヴWゲ┌ﾉデゲ ﾗa デｴW aﾗ┌ヴ デWIｴﾐｷケ┌Wゲ ┘WヴW さIﾉﾗゲWざ デﾗ W;Iｴ other suggesting any of the methods 

could be selected. On review of the first case study presented by the authors, it can be calculated that 

the range about the mean energy use in kWh of all four methods was approximately 15% (+7%/-9%). 

Liu et al [56], building on their previous research [57] for evaluation and optimisation for energy use 

in a typical welding shop, explored energy efficient building design for manufacturing plants after 

identification that limited research results studying manufacturing plants had been reported. The 

authors developed a time-driven EnergyPlus[9]-integrated overall energy use estimation four step 

framework for a specific class of manufacturing plant. The authors assumed that environmental 

conditions had no effect on the energy use of production processes. The paper speculated that the 

proposed framework should help to quantitatively identify some energy conservation opportunities 

related to the facility and its climate control. The authors described how optimisation of the industrial 

environment, from an energy use perspective is more challenging than residential buildings as 

1) production activities can have a significant effect on the indoor environmental conditions and 2) 

the scheduling of production processes also needs consideration. The paper provided a building design 

optimisation example of a simple workshop and presented a methodology for optimising the energy 

cost via building design modification. The results also highlighted advantages of considering 

production scheduling and uncertainties in the optimisation process. The authors concluded by 

identifying that the methodology should be extended substantially by applying it to more challenging 

building designs. 

Moynihan and Triantafillu [58] sought to pair the software packages DesignBuilder [8], as a User 

Interface (UI), and EnergyPlus [9], as a simulation engine, for accurate time-driven modelling of a 

manufacturing facility and validation of the facilit┞げゲ annual energy use. Students from the Alabama 

Industrial Assessment Centre (AIAC) conducted an energy audit on the facility which provided the 

authors with a raw data required for the research. Initial 3D modelling took place in the UI 

DesignBuilder where production internal gains were specified following analysis of energy use of 

equipment based on a maximum calculation of 60W/m2. The model was then exported to the 

simulation engine EnergyPlus so that additional functionality, not provided by DesignBuilder, could be 

utilised such as a tariff schedule. The internal gains were then increased to account for the total energy 

use (watt) of motors and compressors in the facility, ignoring the floor area. The simulation results, 

for the annual energy use of all motors and compressors, were found to differ by 0.67% when 

compared with the AIAC assessment implying an accurate model and simulation. Several retrofit 

options were considered for the facility and reported in terms of payback time and after tax analysis 

providing a useful template for engineering managers to make effective decisions in energy reduction 

and improved efficiencies. 

Katunsky et al [59] developed a method of analysis of industrial building energy use including potential 

energy saving measures. Energy requirements were computed numerically via site measurements 
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using national standards for Slovakia and Austria as well as via two independent simulations in parallel 

with ESP-r [60] and BuildOpt-VIE [61]. For the numerical analysis the authors assumed internal heat 

gains from equipment and lighting at 12.35 W/m2 and 4.5 W/m2 respectively. This was compared 

against other typical non-residential buildings such as sports arenas and conference centres and it was 

identified that internal heat gain information must be defined as accurately as possible for calculation 

accuracy. When using the simulation software, the internal gains from equipment and occupants was 

estimated on an hourly basis with the result being validated with experimental data. The authors 

concluded that both simulations are able to agree with numerically derived results when using 

accurate input information and that facility energy use can be reduced by adjusting the facility heating 

system appropriately and adopting a good maintenance schedule. 

Zhao et al [62] presented a new Product Lifecycle Management (PLM) information model for a 

manufacturing facility. A framework was developed which incorporated a simulation using the 

EnergyPlus Simulation Engine [9], see Fig. 2-1. This was applied to an example case study with a factory 

that utilised Heating, Ventilation and Air Conditioning (HVAC) and equipment for a coating process. 

The simulation was conducted in five steps; 1) model the plant using Autodesk Revit [63], 2) manual 

input of data defined by the Product, Process, Plant, Resource and Energy (P3RE) information model; 

this was developed from the conventional Product, Process, Plant and Resource (P3R) model [64], 

3) simulate with EnergyPlus Simulation Engine, 4)  simulation outputs produced and 5) export 

simulation outputs. This enabled the authors to assess three different scenarios for changing the HVAC 

operating procedures which identified significant potential energy savings (i.e. 21-27% compared with 

baseline). In concluding the authors identified that the study may be limited as it only considers a 

narrow spectrum of PLM components. In future work, connecting the framework to manufacturing 

system modelling was identified as of benefit. 

 

Fig. 2-1 - Energy simulation framework integrated with PLM information [62] 

The BEM approaches included in this paper have included the consideration of energy use during 

manufacturing using time-driven approaches. However, although progress has been made in this area, 

where manufacturing is simulated it is via assumed internal gains or via direct measurement of facility 

energy use. The assumed internal gains are prone to errors that could provide misleading results. The 

direct measurement only allows the existing manufacturing configuration to be simulated. This does 

allow for improvements and efficiency savings to the existing configuration to be identified but is 
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restrictive in assessing other factory configurations or extensive process retrofit options in order to 

reduce overall facility energy use as no measured data is available. In addition, both methods fail to 

ヮヴﾗ┗ｷSW ;ﾐ┞ ヴWゲﾗﾉ┌デｷﾗﾐ ﾗa WﾐWヴｪ┞ ┌ゲW ;デ ; さﾏｷIヴﾗざ ヮヴﾗIWゲゲが ﾏ;IｴｷﾐW ﾗヴ ﾏ;デWヴｷ;ﾉ aﾉﾗ┘ ﾉW┗Wﾉ ヴWゲデヴｷIデｷﾐｪ 
;ﾐ┞ ｷﾏヮヴﾗ┗WﾏWﾐデゲ デﾗ デｴW さﾏ;Iヴﾗざ a;Iｷﾉｷデ┞ ﾉW┗Wﾉく KｷゲゲﾗIﾆ Wデ ;ﾉ [65] ;ヴｪ┌Wゲ デｴ;デ デｴｷゲ さﾗ┌デゲｷSW-ｷﾐざ 
approach is the least effective method of establishing energy efficiency improvements within a 

manufacturing facility. Consideration of ; a;Iｷﾉｷデ┞ さｷﾐゲｷSW-ﾗ┌デざ, by considering production equipment 

first, ensures any improvements are magnified. Kissock et al explains that this is because minimising 

さWﾐS-use loads in the manufacturing processes reduces the expense of and losses from the 

distribution system, which in turn reduces the expense of modifying, and losses from, the primary 

WﾐWヴｪ┞ ;ﾐS ﾏ;デWヴｷ;ﾉ Iﾗﾐ┗Wヴゲｷﾗﾐ Wケ┌ｷヮﾏWﾐデざく 

2.1. BEM Software 

EnergyPlus [9] is a free and open-source simulation engine, developed by the USA Department of 

Energy (DoE), for assessing the energy and water use within a building. This includes HVAC, solar gains, 

occupant schedules and equipment loads. EnergyPlus is commonly found within research literature 

and is utilised by some commercial entities to provide building simulations within their own 

software [8,63]. The energy simulations utilise thermal zones and component-based HVAC models and 

are solved using a time-step methodology that can be refined by the user at the expense of simulation 

run time. EnergyPlus lacks an integrated GUI to visualise the model. eQUEST [10] ﾗヴ さデｴW QUｷIﾆ EﾐWヴｪ┞ 
“ｷﾏ┌ﾉ;デｷﾗﾐ Tﾗﾗﾉざ ｷゲ ;ﾉゲﾗ SW┗WﾉﾗヮWS H┞ デｴW U“A DoE with the aim of bridging this problem by providing 

an intuitive GUI for building energy analysis. 

Autodesk Revit [63] is a commercially available Computer Aided Design (CAD) software that enables 

the user to follow a Building Information Model (BIM) workflow for any Architectural, Engineering 

and/or Construction (AEC) project. This includes, among other features, producing 3D geometry and 

an energy analysis of the building. The energy simulation is conducted using Autodesk Insight 360 [66] 

as a Revit Plug-in. Autodesk Insight provides whole building energy, heating, cooling, daylighting and 

solar radiation simulation by utilising the EnergyPlus [9] simulation engine. As such it is limited to using 

assumed internal gains that utilise an operating schedule. Autodesk Green Building Studio [11] is an 

additional Autodesk plugin that utilises cloud computing to power whole building energy simulations 

in the EnergyPlus Simulation Engine. 

DesignBuilder [8] is also a commercially available CAD software for 3D modelling of buildings for the 

purpose of energy efficient design and building operation. DesignBuilder is developed allowing the 

import of BIM data from another computing environment に presumably so that only energy relevant 

BIM parameters are used. Again, EnergyPlus [9] is the simulation engine used utilising thermal zones 

and component-based HVAC systems. 

IES VE [13] is a commercially available whole building energy simulator. It has a range of features 

including good interoperability with BIM for rapid model import and generation, simulation of HVAC 

systems, thermal environmental effects, occupant schedules, air flows and lighting design. The 

software also has a library of components from building suppliers such as natural ventilation wind 

catchers that can be incorporated into simulations. IES VE utilises a time-based simulation for 

modelling thermal zones and TBS. While primarily a BEM tool, there have been approaches to consider 

a holistic factory system [24,67] for manufacturing equipment that can be considered as thermal 

zones, such as ovens and drying tanks. These approaches are discussed in Section 4. 

IBPT [12] is a free and open-source toolbox containing a library of blocks used for thermal modelling 

of buildings by considering the building construction, thermal zones, systems such as HVAC, internal 

building gains and additional parameters to fully define building construction elements or climate 
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data. The IBPT is used to model the interaction of these five elements through a block flow diagram, 

the behaviour of which is then simulated, using a time-based approach, using Simulink [68]. This is 

traditionally focused on BEM but research has been conducted [24,30] to develop a novel technique 

that included thermal zones for bulk fluid processes within the larger building thermal zone, this is 

discussed in Section 4. 

ESP-r [60] is a free and open source modelling tool that enables building performance simulations 

using a time-based approach. It is capable of simulating heat, air, moisture, light and electrical power 

flows within thermal zones which is common among BEM software. ESP-r was utilised by 

Katunsky et al [59] for an industrial building to measure energy use. However, the machinery energy 

load and internal gains were assumed and validated against experimental data which makes it difficult 

to simulate different and potentially more efficient machinery configurations. 

BuildOpt-VIE [61] is a detailed multi-zone thermal and daylighting building performance simulation 

tool that utilises differential algebraic equations. BuildOpt-VIE was utilised by Katunsky et al [59] for 

an industrial building to measure energy use. However, as with ESP-r [60], the machinery energy load 

and internal gains were assumed and validated against experimental data which makes it difficult to 

simulate different and potentially more efficient machinery configurations. BuildOpt-VIE no longer 

appears to be readily available for use or supported by its developers. 

Modelica Buildings Library [14] is a free and open source dynamic simulator capable of time-based 

simulation and DES that is primarily focussed on simulating building energy use (via thermal and 

internal loads) and control systems. It uses object-orientated equation based simulation where all 

assumptions and equations used are editable making it useful for research and development. It works 

across multi-domains and it is able to model a range of systems including electrical, mechanical, 

hydraulic and thermodynamic. Fritzon and Bunus [69] illustrate that Modelica is suited to the 

development of hybrid models of both time-based simulation and DES. 

IDA ICE [70] is a commercially available whole BEM software utilising a time-based approach. It 

interfaces well with BIM file imports, provides a 3D GUI, utilises equation based modelling and is fully 

editable to enable research and development. No evidence can be found within the reviewed 

literature of its use in a manufacturing environment to-date. 

Sefaira [15] is a commercially available energy simulation tool that enables users to produce 3D 

models of buildings and analyse the internal energy use, thermal comfort and lighting levels. The 

software is compatible with other popular AEC software such as Sketchup [71] and Autodesk 

Revit [63]. Once a 3D model has been produced Sefaira has further capabilities such as assessing 

potential design strategies options (e.g. triple glazing) and the proposed HVAC system options. No 

evidence can be found within the reviewed literature of its use in a manufacturing environment 

to-date. 

TRACE 700 [72] is a commercially available analysis software tailored towards HVAC engineers to 

optimise the thermal comfort and operation within a building. This includes the energy and economics 

considered as part of a life cycle assessment. It integrates well with industry accepted standards such 

as ASHRAE 90.1 [73], weather files and BIM software by utilising gbXML file formats. No evidence can 

be found within the reviewed literature of its use in a manufacturing environment to-date. 
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3. Manufacturing Process Simulation (MPS) 
Rahimifard et al [27] developed a novel modelling framework, see Fig. 3-1, for a manufacturing facility 

to calculate the energy demand to produce a single product unit; the Embodied Product Energy (EPE). 

The framework was demonstrated using a case study for a simple product which underwent three 

processes; 1) Casting, 2) Spray Painting and 3) Ultrasonic Inspection. The authors explained that the 

EPE could be broken down into two elements; 1) Direct Energy (DE) which is the energy required to 

perform a manufacturing process and 2) Indirect Energy (IE) which accounts for building services such 

as HVAC and lighting. DE can then be further split into 1a) Theoretical Energy (TE) to perform a process 

with 100% efficiency and 1b) Auxiliary Energy (AE) required to run the process. A simulation was 

conducted in Arena [17] to determine the TE required to produce a single component. This was then 

further enhanced using on-site measurements and metering to determine the respective AE and IE; 

the sum of which produced an EPE for the component under consideration. The authors note that the 

flexibility of modern simulation software will allow for more complex processes to be simulated and 

that by assessing a sufficiently large number of case studies the accuracy and resolution of the EPE 

methodology can be refined and improved during future research. 

 

Fig. 3-1 - The EPE framework for modelling energy flows during manufacture [27] 

Herrmann et al [50] developed an energy oriented manufacturing system simulation that aimed to 

provide a flexible, scalable and modular simulation environment. Having identified the three 

categories that existing simulation tools fit into the authors focused on creating a hybrid system of 

two paradigms (B&C), see Fig. 1-4; DES and time-based simulation, to mitigate against the 

disadvantages of each in isolation. The simulation included all relevant energy flows within the 

manufacturing facility including the dynamics of applicable subsystems, see Fig. 3-2. The prototype 

produced a generic simulation environment utilising AnyLogic [16]. The authors presented two case 

studies in which site data was collected and the models were validated with >95% consistency with 

obtained results. The authors were able to assess various scenarios or production interventions and 

examine the effect on energy use, production output, energy efficiency and electricity cost savings to 

provide recommendations. Both case studies assessed uncertainty in the results and concluded that 

statically robust results had been obtained. Future work was identified as the addition of TBS 
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simulation, automated life cycle costing methodologies and integration into an industrial data 

environment. 

 

Fig. 3-2 ʹ Screenshot of developed simulation approach [50] 

Kohl et al [74] ヮヴWゲWﾐデWS ; ﾏWデｴﾗSﾗﾉﾗｪ┞ ﾗa W┝デWﾐSｷﾐｪ Pﾉ;ﾐデ “ｷﾏ┌ﾉ;デｷﾗﾐげゲ [20] current material flow 

DES models with the addition of a module that maps energy flows within a production process. The 

results of the methodology were interpreted within Plant Simulation but then exported to Microsoft 

Excel [75] making it align closely with Paradigm-C as proposed by Herrmann et al [50], see Fig. 1-4. 

This approach can take advantage of the existing ability of Plant Simulator modules to differentiate 

between different machine states such as working, waiting, setup or blocked. The module assigns a 

machine energy profile to each unit machine which, combined with the full production line, results in 

a process load curve. The combination of load curves for varying processes such as manufacturing and 

assembly then results in the facility load curve. This hierarchical arrangement allows for detailed 

assessment of energy use throughout the factory. However, there is no attempt at linking the module 

to the TBS. Future work is identified as the implementation of further modules to enable dynamic 

simulation of more continuous processes such as ovens. Incidentally, this would also be compatible 

for TBS simulation. 

Mousavi et al [76] developed an integrated modelling approach to consider energy use at a single 

machine level and at an overall process level. The paper describes the benefit and potential utilisation 

of TBS towards a holistic manufacturing facility simulation however the inclusion of TBS in the 

developed simulation is excluded. The authors identified that some process equipment such as curing 

ovens have relatively stable power and operating duration profiles, which can be simplistically 

included in process modelling. However, other equipment such as milling and turning machines have 

rapidly changing power and operating duration profiles depending on the specific operating state. The 

authors developed equations in order to simulate individual machine energy profiles using empirically 

derived coefficients. Using these unique energy profiles for each machine a process line can be 

generated consisting of multiple profiles which combines the advantages of state-based and empirical 

models. Two applications are presented using objective functions to minimise energy use and total 

production time. If a unique solution cannot be identified, then maximising energy efficiency is also 

included in the objective functions. The authors identified that the inclusion of TBS into the integrated 
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facility simulation should be considered in future research as well as other energy carriers, in a 

manufacturing facility, such as gas, compressed air or steam. 

Wilson et al [77] developed a post-processing toolkit to reduce the time and cost associated with 

energy modelling by use of statistical results produced by energy simulation software. The simulation 

software used was WITNESS [78], the results of which were exported to Microsoft Excel [75] for 

post-processing. The toolkit allowed the calculation of the electrical energy used in a manufacturing 

line so that energy saving opportunities could be identified. The authors were only focussed with 

energy usage of production machinery and additional energy usage equipment such as HVAC and 

other TBS were outside the scope of the research. The authors identified a key advantage of the 

proposed approach in that it could be used retrospectively on an existing manufacturing line 

simulation where the primary focus will have been on lean manufacturing, for example. This is then 

aﾗﾉﾉﾗ┘WS H┞ ; ┘ﾗヴS ﾗa I;┌デｷﾗﾐ ｷﾐ ゲｷﾏ┌ﾉ;デｷﾗﾐ ヴW┌ゲW ;ゲ さ; ﾏﾗSWﾉ デｴ;デ ｷゲ ┗;ﾉｷS aﾗヴ ﾗﾐW ヮ┌ヴヮﾗゲW ﾏ;┞ ﾐﾗデ 
HW ┗;ﾉｷS aﾗヴ ;ﾐﾗデｴWヴざく A I;ゲW ゲデ┌S┞ ┘;ゲ IﾗﾏヮﾉWデWS ｷﾐ ┘ｴｷIｴ デｴW デﾗﾗﾉ ┘;ゲ ┌ゲWS ﾗﾐ ;ﾐ W┝ｷゲデｷﾐｪ 
manufacturing line that could be validated against real world data. The authors concluded by 

remarking that the tool introduces an interactive approach to the presentation of simulation results 

that could be easily understood by manufacturing engineers and managers as well as providing more 

detail on the energy use of machines in different states. There is a need to compare the toolkit against 

other simulation packages for comparative validation and in addition, research should be undertaken 

to determine how accurate energy simulations should be at the expense of cost to implement them. 

Seow et al [79] SｷゲI┌ゲゲWS デｴW ┗;ヴｷﾗ┌ゲ さDWゲｷｪﾐ aﾗヴ Xざ ;ヮヮヴﾗ;IｴWゲ I┌ヴヴWﾐデﾉ┞ ┌ゲWS ｷﾐ デｴW SWゲｷｪﾐ ﾗヴ 
products such as Design for Environment, Design for Manufacture or Design for Energy 

Minimisation (DfEM). In addition, the authors included commentary on established design 

methodologies. It is proposed that specific tools can be used, depending on the current stage of the 

product lifecycle, for DfEM; a Lifecycle Assessment tool during the concept design phase, an Energy 

Simulation model tool for the detailed design phase and an Advanced Energy Metering system tool 

for the Manufacturing/Operating phase. The authors proposed that a conceptual Energy Simulation 

model tool should evaluate EPE by modelling energy flows of the manufacturing lifecycle phase. Using 

Arena [17], simple and complex product case studies were completed in which the authors developed 

a House of Quality matrix based on the software output. This matrix then enabled effective decisions, 

ヴWｪ;ヴSｷﾐｪ WﾐWヴｪ┞ ｴﾗデゲヮﾗデゲ ;ﾐS さ┘ｴ;デ ｷaざ ゲIWﾐ;ヴｷﾗゲが デﾗ HW ﾏ;SW デﾗ ｷﾏヮヴﾗ┗W WﾐWヴｪ┞ ﾏｷﾐｷﾏｷゲ;デｷﾗﾐ ｷﾐ デｴW 
manufacture of the products including the consideration of direct and indirect use of energy. 

MPS dominated approaches that aim to incorporate select elements of TBS are scarce within the 

literature. While some of the MPS methods, summarised above, have considered the holistic energy 

use by a manufacturing facility the simulation has been combined with a site data collection technique 

requiring extensive metering of a building and equipment to model auxiliary and IE flows. These 

approaches are generally limited to use on existing factory buildings, however, they could become 

more useful as factories tend towards modular designs ｷﾐ デｴW a┌デ┌ヴW ふWくｪく TWゲﾉ;げゲ Gｷｪ;a;Iデﾗヴ┞ [80]). In 

some of the above cases, energy has only been considered at process and machine level via 

event/state based simulation. Although TBS has not been included in these MPS approaches, multiple 

researchers have identified the benefit of incorporating TBS in order to achieve a holistic 

simulation [50,76]. All of the MPS methods described above have utilised event-driven simulation. It 

appears that the compatibility of event-driven manufacturing simulations with time-based TBS 

simulation is challenging. It could be argued that for very large and complex multi-product factories, 

the sheer number of events occurring in quick succession could approximate time-based use therefore 

improving compatibility. TｴW MP“ ;ヮヮヴﾗ;Iｴ Wﾐ;HﾉWゲ ;ゲゲWゲゲﾏWﾐデ ;デ デｴW さﾏｷIヴﾗざ ﾏ;IｴｷﾐW ﾉW┗Wﾉ デｴWヴWH┞ 
allowing decision makers to interrogate simulated energy use with greater resolution to aid effective 

retrofit and modification options. 
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Arena Simulation Software[17] is a commercially available DES software package that has applications 

within the manufacturing industry. It offers significant benefits by enabling process optimisation, lean 

manufacturing, machine optimisation and bottleneck identification via simulation. The main focus of 

the software is improving throughput and enable decision making regarding productivity. Although 

increasing throughput will tend to make more efficient use of energy within a factory this may lead to 

an increase in energy use. This is highlighted by the simulation results obtained by Herrmann et al [50]. 

It should be noted that the software does not physically map energy use by default. However, a study 

using Arena has illustrated a reduction in energy and carbon footprint through improved production 

practices in the mining industry [81]. DELMIA [18], FlexSim [19], Plant Simulation [20], Simio LLC [21], 

SIMUL8 [22] and WITNESS [78] are all, also, commercially available manufacturing simulation software 

that enables manufacturers to simulate their production lines in order to reduce waste, increase 

productivity and optimise material flow, resource utilisation and logistics in a similar manner to the 

Arena Simulation Software. These additional DES software are also limited in that they are unable to 

directly model energy usage of equipment in a manufacturing line. 
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4. Holistic Simulation 
Hesselbach et al [82] produced one of the first research papers into the holistic simulation approach 

for factories. The authors provided a comprehensive review of energy efficiency approaches in the 

industrial sector. In doing so the paper identified that the complex and dynamic interdependencies of 

machines, processes, TBS and the building shell could only be understood via a holistic view of the 

factory. The authors illustrated that manufacturing equipment has unique energy profiles depending 

on the current state of operation. Considering the combination of different energy profiles, in a facility, 

results in a cumulative load curve that is dependent on production scheduling. A case study was used 

to illustrate the complexity and dynamic nature of resources and processes within a manufacturing 

facility. This led to a proposed solution of coupling four separate simulations ﾗヴ さIﾗ-ゲｷﾏ┌ﾉ;デｷﾗﾐざ of a 

manufacturing facility in order to achieve a holistic view through consideration of manufacturing and 

building interdependencies, see Fig. 4-1. The four different simulation software were selected as being 

highly regarded in their respective fields at the time in analysing TBS (HKSim [83]), Building Climate 

(TRNSYS [84]), Production Machines/Material Flow (SIMFLEX/3D [85]) and Production Management 

(AnyLogic [16]). Following this proposition, the authors speculated that, rather than an isolated view, 

the holistic approach would offer more significant benefits for assessing energy efficiency decisions. 

TｴW ヮ;ヮWヴ aｷﾐｷゲｴWゲ H┞ ｷSWﾐデｷa┞ｷﾐｪ ; ﾉﾗﾐｪ デWヴﾏ ｪﾗ;ﾉ ﾗa SW┗Wﾉﾗヮｷﾐｪ ;ﾐ さｷﾐデWｪヴ;デWS ;ﾐS ┗WヴｷaｷWS デﾗﾗﾉ H;ゲWS 
ﾏWデｴﾗSﾗﾉﾗｪ┞ざ that can be utilised across a large range of industries and companies. 

a)  b)  

Fig. 4-1 ʹ a) Coupling of Simulation Approaches b) Interdependencies between manufacturing and TBS [82] 

Herrmann and Thiede [6] developed the approach of a flexible and scalable simulation which included 

integrated evaluation capabilities. The authors then described a five step process that the developed 

simulation follows; 1) simulate process chains (event-driven), 2) analyse process energy use, 3) analyse 

TBS energy use, 4) analyse load profile and energy costs and 5) provide integrated simulation and 

evaluation of production system, see Fig. 4-2. Following discussion of a case study, the authors 

concluded that the developed concept allowed an integrated evaluation of technical, ecological and 

economic criteria for a production system. The application of the concept highlighted the influence 

that production management measures have on energy use within a manufacturing facility. Further 

research was identified into the dynamic coupling of production, TBS and the factory building shell.  
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Fig. 4-2 ʹ Systematic approach to increase energy efficiency in manufacturing companies [6] 

Wright et al [24] identified that for a successful integrated manufacturing and building model the 

following would require consideration; 1) material flows, 2) heat transfer between product and 

environment, 3) vessels used to hold fluids, 4) appropriate parameters for a manufacturing facility, 

5) use of stochastic events and correct model granularity. Using the developed prototype IBPT [12] 

and IES VE [13] models, to allow integration between buildings and manufacturing processes, the 

authors validated the model of an industrial drying process and tested different energy saving 

scenarios. Using real process data, the IBPT model was found to correspond well with simulating 

material temperatures. The authors concluded that BEM, in its current form, cannot model industrial 

processes however the results presented show that prototype models can be applied to produce 

accurate results. The difference between IES VE and IBPT results was no greater than 12% with IBPT 

underestimating the IES VE result. It was also identified that improving process efficiency was likely to 

produce the best efficiency gains instead of utilising waste heat. The authors identified greater process 

measurements to aid model generation as an area for improvement. 

Oates [30], building on research by Wright et al [24], developed a novel time-driven approach to 

combine BEM and MPS into a holistic energy simulation using the IBPT [12]. This さAS;ヮデWS IBPTざ 
simulation was able to model energy flows related to manufacturing process systems, plant and 

material flow coupled with the built environment, see Fig. 4-3a. The simulation framework was 

validated, where applicable, using an equivalent model in IES VE [13], see Fig. 4-3b. The author 

demonstrated the simulation framework against three industry case studies including an industrial 

drying tank, industrial treatments process and an air supply house. All manufacturing processes were 

based on gas or liquid processes such as tanks and dryers. Each process could be modelled as thermal 

fluid ┣ﾗﾐWゲ ┘ｷデｴｷﾐ デｴW ﾗ┗Wヴ;ﾉﾉ a;Iｷﾉｷデ┞げゲ デｴWヴﾏ;ﾉ air zone. The tool provided the ability to assess energy 

aﾉﾗ┘ゲ ;デ ; さﾏ;Iヴﾗざ ;ﾐS さﾏｷIヴﾗざ ﾉW┗Wﾉ ヮヴﾗ┗ｷSｷﾐｪ ┗;ヴ┞ｷﾐｪ ヴWsolution to results from the full facility down 

to individual manufacturing processes. The research also included the modelling of thermal energy 

flows from processes and materials to its surrounding environment allowing for consideration of 

interdependencies between facility layers. Further research work has been identified as follows; 

1) include modelling of moisture transfer 2) extend range of manufacturing processes modelled, 

3) consider energy interactions at a material level during manufacture such as laser cutting, grinding, 
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welding and forming, 4) accommodate temperatures greater than 100°C and 5) combine time-driven 

and event-driven modelling in a hybrid approach. 

a)  

b)  

Fig. 4-3 ʹ Factory building with climate controlled surrounding zone, a) IES VE, b) IBPT [30] 

Despeisse et al [67] ヮヴWゲWﾐデWS ; ﾐﾗ┗Wﾉ ;ヮヮヴﾗ;Iｴ デﾗ さゲ┞ゲデWﾏｷゲW デｴW ｷSWﾐデｷaｷI;デｷﾗﾐ ﾗa ｷﾏヮヴﾗ┗WﾏWﾐデ 
ﾗヮヮﾗヴデ┌ﾐｷデｷWゲ ｷﾐ a;IデﾗヴｷWゲざ ;ゲ ┘Wﾉﾉ ;ゲ ; Iヴﾗゲゲ-functional factory modelling tool and the associated 

workflow to enable energy use improvements. This involved the structuring of a sustainability tactics 

library into an appropriate hierarchy; 1) Prevention by avoiding resource use, 2) Reduction of waste 

generation, 3) Reduction of resource use by improving efficiency, 4) Reuse of waste as resource and 

5) Substitution by changing supply or process. The proposed workflow allowed for an integrated 

systems view of a manufacturing facility; building, processes and equipment. The authors focussed on 

a case study application on an existing facility, by building on work developed by Oates [30], with a 

focus on energy reduction utilising a time-driven simulation in IES VE [13], see Fig. 4-4. The simulation 

presented 74% energy savings for the case study with additional, unexplored, scope for further 

efficiency improvements. The paper concluded by discussing that the developed tool would enable 
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more informed decisions on improving resource flows within a facility. It was noted however that the 

resources included in the analysis did not consider capital or employees. 

 

Fig. 4-4 ʹ Simulated analysis with red highlight for operating processes and blue for non-operating processes to identify 

opportunities for reuse of waste between processes [67] 

Brundage et al [86] investigated the potential for energy savings within a factory by coupling the 

manufacturing process with the HVAC system. The manufacturing process was modelled as a 

continuous flow model that utilised intermediate buffers to account for binary random machine 

Sﾗ┘ﾐデｷﾏWく Tｴｷゲ Wﾐ;HﾉWS デｴW ｷSWﾐデｷaｷI;デｷﾗﾐ ﾗa さﾗヮヮﾗヴデ┌ﾐｷデ┞ ┘ｷﾐSﾗ┘ゲざ ｷﾐ ┘ｴｷIｴ ﾏ;IｴｷﾐWゲ Iﾗ┌ﾉS HW 
turned off, with zero energy use, when not utilised to prevent wasted energy use while ensuring less 

than 5% drop in manufacturing throughput. An example production line model was produced using 

Simulink/MATLAB [68,87] and included a random effective processing time by accounting for the 

effect of random manufacturing machine downtime. The factory building, including HVAC, was then 

simulated using the EnergyPlus Simulation Engine [9]. The production system was modelled as an 

internal thermal heat load utilising the established production schedule profile exported from 

Simulink/MATLAB. The authors were able to coordinate the machine opportunity windows with the 

facility systems and high energy charge times to optimise facility energy use and cost. It should be 

noted that the assumed internal gains are only unidirectional and the simulation does not model 

bidirectional interdependencies on different facility layers. No other building utilities such as 

compressed air or water were considered in the simulation. The authors identified future work as 

extending the model to larger multi-zone facilities and development of an optimal control system to 

minimise costs. 

Subsequently Sun et al [88] also sought to pair a power curve from a manufacturing facility to an 

simulation in the EnergyPlus Simulation Engine  [9]. The technique differed in how the power curve 

was generated as the authors utilised a technique known as Particle Swarm Optimisation (PSO). This 

technique allowed for the identification of a near optimal production schedule and HVAC control 

strategy. In total, the authors were successful in the approach of pairing a power curve from a 

manufacturing facility to an simulation in the EnergyPlus Simulation Engine and concluded that, the 

simulation considered production capability, electricity pricing, limitation of power demand and 

ambient temperature. The authors speculated that this would provide a good foundation for further 

research to be built on. Future identified research gaps should aim to relax some of the assumptions 

made to be more realistic (e.g. treat the facility as a multi-zone/object environment), investigate heat 

capacity model for factory zone, HVAC efficiency could be explored, application of method in a winter 

season and the decision making on a real-time basis will be investigated. 
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Davé et al [89] utilised an industrial paint shop as a case study. The authors recognised that common 

practice is to assess factory assets on an individual basis when attempting to achieve energy efficiency 

デ;ヴｪWデゲ ﾗヴ ゲデ;デ┌デﾗヴ┞ ヴWケ┌ｷヴWﾏWﾐデゲく TｴW ;HゲWﾐIW ﾗa さaヴ;ﾏW┘ﾗヴﾆゲが ﾏWデｴﾗSゲ ;ﾐS デﾗﾗﾉゲざ Wﾐ;Hﾉｷﾐｪ ; 
holistic view of the plant has also compounded this common practice. The authors stipulated that 

research into the areas of IﾗﾏHｷﾐｷﾐｪ さﾏ;ﾐ┌a;Iデ┌ヴｷﾐｪが ┌デｷﾉｷデ┞ ;ﾐS H┌ｷﾉSｷﾐｪ ;ゲゲWデゲざ ┘;ゲ ゲI;ヴIW ;ﾐS ;ゲ 
ヮ;ヴデ ﾗa ｷﾐIヴW;ゲｷﾐｪ デｴW ;┗;ｷﾉ;HﾉW ﾉｷデWヴ;デ┌ヴW ﾗﾐ デｴｷゲ デﾗヮｷI デｴWヴW ┘;ゲ ; ﾐWWS デﾗ さ┌ﾐSWヴゲデ;ﾐS a;Iデﾗヴ┞ WIﾗ-

efficiency through granularity factors, including time-ゲデWヮざく TｴW ヮ;ヮWヴ ﾗHﾃWIデｷ┗es included 1) produce 

a factory model that combines all required assets, 2) use IES VE [13] to assess time-step granularities, 

and 3) provide guidance on the time-step assessment results. Five different time-steps were analysed 

with data taken every 1 minute, 2 minutes, 6minutes, 10 minutes and 30 minutes. The results 

highlighted the significant effect of the time-step granularity factor with peaks and troughs being 

eroded for the larger time-steps. The authors concluded by identifying areas for further research in 

greater understanding of other granularity factors, data composition and cleaning methods, noise 

reduction from measurements, and detailing of assets and their connection to data within modelling 

tools. 

Mousavi et al [54] produced research focussing on three levels within a manufacturing facility; 

1) machine tools, 2) manufacturing lines and 3) whole facility. Following a summary of existing 

research, the authors identified that a holistic view is required in order to improve energy and water 

efficiencies within a manufacturing building. The authors developed a conceptual framework to 

quantify the use of water and energy in a facility, see Fig. 4-5. The framework consisted of five separate 

modules; 1) process module, 2) steam generation module, 3) compressed air module, 4) Production 

Planning and Control Module (PPCM) and 5) Integration and Evaluation Module (IEM). The framework 

was applied and validated against a case study using three objective functions as performance 

indicators; throughput, total energy used and total water consumed. The framework was modelled 

using Microsoft Excel [75] and AnyLogic [16]. Several different facility scenarios were considered which 

illustrated potential savings of energy and water of 6.42% and 1.97% respectively when considered in 

isolation and depending on the scenario. When considered concurrently, a Pareto solution was 

developed which identified several possible alternative solutions to improving facility energy and 

water efficiencies simultaneously. The authors concluded by remarking that the developed framework 
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provided a robust structure for facility resource modelling allowing a range of alternative 

improvements to be identified. 

 

Fig. 4-5 ʹ Conceptual framework of the simulation model [54] 

Thiede et al [90] identified that many manufacturing energy simulation approaches only focus on a 

single level; processes, process chains or building level. This neglects the interdependencies between 

levels in terms of resource, material and energy flows. The paper proposed a framework for multi-level 

simulation, see Fig. 4-6, as well as recording author recommendations for model coupling and data 

exchange between levels. The authors speculated that the framework should support developers of 

multi-level simulations in identifying the required sub-models and their corresponding interactions. 

Additionally, a case study demonstrated the application and advantages of the proposed framework. 

The paper concluded that dynamic model coupling is a promising approach for multi-level simulations 

and that the application of the proposed framework had been successfully demonstrated. The authors 
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concluded the paper by identifying improved model details, the integration of further models and the 

framework application to other manufacturing domains as areas for further research. 

 

Fig. 4-6 - Multi-simulation framework [90] 

There are a range of other holistic approaches [91に95] that appear to have used a purely numerical 

or data processing technique to model energy flows within a factory rather than with a simulation 

software. These provide valuable methodologies and mathematical techniques of identifying critical 

areas within a factory and energy use however they can only be used for existing buildings, instead of 

predictive early design phases, following extensive data collection and energy metering procedures. 

These approaches may benefit SMEs that utilise older buildings that may not produce products using 

a well-defined production or assembly line. For example, this could be applicable to a machine, 

welding or fabrication shop. 

The holistic approaches included in this paper have included the consideration of energy use at 

different levels within a manufacturing facility including machine, process, TBS and building shell to 

varying degrees. It is observed that where manufacturing is modelled in a BEM software it is either for 

simplistic processes that can be modelled as thermal zones (e.g. drying tanks) or assumed as bulk 

liquids. As the energy profile of this equipment does not change rapidly it is compatible with a 

time-driven building simulation and can have a defined operating schedule with minimal loss of 

accuracy. Alternatively, for more complex forming processes, simulation of the process level occurs in 

a separate software which is then simplified and assumed as an internal thermal load with a simplistic 

operating schedule within BEM software. The lack of specific machine energy profiles limits the 

resolution that can be achieved for decision making but this becomes less relevant with increasing 

factory size and complexity where a single non-bottleneck machine reduces in significance. Early 

concepts aimed at a central environment that could couple multiple separate simulations to benefit 

aヴﾗﾏ デｴW さHWゲデ ｷﾐ Iﾉ;ゲゲざ ゲﾗaデ┘;ヴW known as co-simulation. The research that has followed the early 

concepts has aimed at incorporating the holistic approach within a single environment as much as 

possible. Both could be effective methods due to the large market of different modelling software and 

file formats. Either way, to-date the development of a comprehensive holistic simulation approach is 

still not available. 
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4.1. Holistic Software 

AnyLogic [16] ｷゲ ; IﾗﾏﾏWヴIｷ;ﾉﾉ┞ ;┗;ｷﾉ;HﾉW ゲｷﾏ┌ﾉ;デｷﾗﾐ デﾗﾗﾉ デｴ;デ ｷゲ ﾏ;ヴﾆWデWS ;ゲ デｴW さﾗﾐﾉ┞ざ デﾗﾗﾉ I;ヮ;HﾉW 
of DES, System Dynamics (time-driven) and Agent Based Modelling simulations. With this in mind it 

can readily be applied to the manufacturing industry as highlighted by the developers. Although, 

similar to Arena [17], the examples given are based on throughput and productivity and not the 

simulation of energy flows in a production environment. One potential benefit in using AnyLogic is 

that it allows the user to combine system dynamic components of a model, such a building thermal 

model, with DES components, such as a manufacturing line. This offers a potential solution in 

providing interoperability and compatibility between system time-driven and event-driven 

simulations within a single environment. However, at this stage of research, it is unclear on how the 

underlying software code performs this and whether the potential benefits would outweigh any 

trade-offs required to allow co-simulation. 

TRNSYS [84] is a commercially available component-based simulation tool for transient environments 

such as time-based simulations. Its applications are far ranging but traditionally have focussed on 

energy use in thermal and electrical systems. This makes it well suited for simulating the internal 

thermal environment for a manufacturing building but not necessarily the manufacturing process 

itself; unless it can be simplified as a thermal zone. A large library of standard components is available 

to users that can be readily edited as well of a range of routines for coupling TRNSYS to other 

simulation programs. This was proposed by Hesselbach et al [82], as previously described. 

HKSim [83] was also used by Hesselbach et al [82] in the conceptual framework for dynamic simulation 

of the TBS (e.g. HVAC, compressed air). The software was developed by Imtech Deutschland GmbH & 

Co KG but they no longer support the software following insolvency proceedings in November 

2015 [96]. HKSim-v1.6 is still available for free online through third party providers. In addition, 

SIMFLEX/3D [85] was identified for the simulation of material flow within a factory. SIMFLEX/3D was 

a DES and provides a GUI to visualise a factory production system [97]. Development on SIMFLEX/3D 

at Kassel University appears to have stopped in 2010. 

Simulink [68] and MATLAB [87] are both developed by Mathworks however they were developed as 

generic, yet powerful, simulation tools rather than focussed on energy modelling. Simulink is a 

commercially available simulation environment that utilise libraries of block diagrams to map out 

system logic (e.g. IBPT [12]). Simulink is capable of both time-based simulations and DES which 

provides potential in linking a factory thermal zone with a manufacturing process. MATLAB is a 

powerful tool designed to solve scientific and engineering problems via its matrix based programming 

language. Simulink has good interoperability with MATLAB allowing the user to define powerful and 

custom algorithms in MATLAB for use in Simulink. 

Microsoft Excel [75] is a well-established spreadsheet software capable of performing mathematical 

operations on a large range of data. This makes it useful for analysis of large data sets generated by a 

separate simulation software or collected from site. It is not specifically for Building Energy use but 

can prove useful in this application. However, it is limited to data post-processing which can be time 

consuming to collect and process data. As such it is envisaged that Excel could only be able to 

contribute a small proportion to any solution for achieving the holistic simulations desired. 

Ecoinvent [98] is a free software that provides access to デｴW ┘ﾗヴﾉSげゲ ﾉ;ヴｪWゲデ デヴ;ﾐゲヮ;ヴWﾐデ ﾉｷaW I┞IﾉW 
inventory database. This can be used to perform a Life Cycle Assessment on systems including within 

manufacturing. This includes the environmental cost of producing products, running equipment and 

disposal of waste. In achieving a holistic simulation of a manufacturing facility, a database of this type 
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would have several uses including, for example, cataloguing energy profiles of individual machines for 

incorporation into a larger system model. 
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5. Results 

5.1. Modelling Approaches 

Table 5.1 provides a matrix of modelling approaches identified within literature, as discussed within 

Sections 2, 3 and 4, that have been identified as offering some functionality that could aid in a holistic 

simulation of the energy and resource use within a factory. 

Table 5.1 - Summary of Modelling Approaches 

Modelling Approach 
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Time-driven      

Event-driven      

Continuous flow    ?1 ? 

Numerical technique      

Agent-driven   ? ?  

Co-simulation      

 

Based on the literature reviewed Table 5.1 illustrates the following; 

 In isolation, both the time-driven and event-driven modelling approaches are unable to 

simulate energy use across all layers of a production facility.  

 A continuous flow methodology offers some promise towards a hybrid solution however 

further research is required to confirm this hypothesis when applied to a building shell. 

 Numerical techniques can be used widely across all aspects of an existing production facility 

however this can be time intensive and is arguably more prone to human input error than 

simulation techniques. Production facility layers are linked via manual calculation.  

 Agent-driven simulation has the potential to offer a hybrid simulation approach however 

further research is required to confirm this hypothesis when applied to facility systems and 

the building shell.  

 Co-simulation is able to model all aspects of a production facility and there is potential for 

information to be communicated between separate, but coupled, simulations across differing 

production facility layers. 

5.2. Tools 

Table 5.2 provides a matrix of software tools identified within literature by previous researchers, as 

discussed within Sections 2.1, 3 and 4.1 as well as other software tools that have been identified as 

                                                           
1さいざ ┌ゲWS デﾗ SWﾐﾗデW デｴ;デ ｷデ ﾏ;┞ HW ヮﾗゲゲｷHﾉW aﾗヴ ; ヮ;ヴデｷI┌ﾉ;ヴ ﾏﾗSWﾉﾉｷﾐｪ ;ヮヮヴﾗ;Iｴ デﾗ ｴ;┗W ゲヮWIｷaｷI a┌ﾐIデｷﾗﾐ;ﾉｷデ┞ H┌デ 
that further research and/or development is required to confirm. 
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offering some functionality that could aid in a holistic simulation of the energy and resource use within 

a factory. 

Table 5.2 - Summary of Modelling Tools 

Software Tools 
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AnyLogic [16]     ?  

Arena [17]     ?  

Autodesk Green Building Studio [11]       

Autodesk Revit [63]       

BuildOpt-VIE [61]       

DELMIA [18]       

DesignBuilder [8]       

ecoinvent [98]       

EnergyPlus Simulation Engine [9]       

ESP-r [60]       

eQUEST [10]       

FlexSim [19]       

HKSim [83] ? ?  ?   

IBPT [12] including Adapted IBPT [30] ?      

IDA ICE [70] ? ?    ? 

IES VE [13] ?      

Microsoft Excel [75]       

Modelica Buildings Library [14]     ?  

Plant Simulation [20]       

Sefaira [15]       

SIMFLEX/3D [85]   ? ? ?  

Simio LLC [21]       

SIMUL8 [22]       

Simulink [68] & MATLAB [87]     ?  

TRACE 700 [72]    ? ?  

TRNSYS [84] ? ?     

WITNESS [78]   ? ?   

 

Based on the literature reviewed Table 5.2 illustrates the following; 

 There is currently no evidence in the reviewed literature of any of the software tools 

considered having the functionality to model across all production facility layers and link those 

models together. 
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 AnyLogic [16], IBPT [12] including the Adapted IBPT [30], IDA ICE [70], IES VE [13], Microsoft 

Excel [75], Modelica Buildings Library [14], SIMFLEX/3D [85], Simulink [68] including 

MATLAB [87], TRNSYS [84] and WITNESS [78] all offer the potential functionality to link the 

simulation of different production facility layers. In all cases further research is required to 

fully confirm this hypothesis. 

 Any of the software tools identified could be utilised, if deemed appropriate, in a 

co-simulation manner to simulate specific aspects or an individual production facility layer. 

 The identification of open source software tools is useful for future research as those only 

available through commercial licensing arrangements may not easily allow for development 

towards a holistic production facility energy use simulation. 
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6. Discussion 
Energy use by industry is composed of several different main end-uses that traditionally utilise 

separate and segregated simulation methods for energy prediction (Fig. 1-2). A holistic factory 

simulation would enable energy savings to be identified within elements across the entire operating 

spectrum and is therefore more likely to achieve the greatest energy efficiency savings or reduction 

in energy use. 

Previous work contained within this paper identified the efforts taken to date in order to achieve this 

goal. These efforts can be categorised into two types of holistic simulation; 

1. Co-simulation に ┌デｷﾉｷゲｷﾐｪ ﾏ┌ﾉデｷヮﾉW さHWゲデ ｷﾐ SｷゲIｷヮﾉｷﾐWざ ゲﾗaデ┘;ヴW ヮﾉ;デaﾗヴﾏゲ and coupling them to 

share data between simulation iterations. 

2. Hybrid simulation に utilising a single software platform capable of modelling all entities, 

including interdependencies, to achieve a holistic factory simulation. 

Prior to any simulation efforts, the scale of simulation required is assessed. For a SME it may be more 

appropriate to use energy metering and numerical approaches to identify potential energy savings or 

efficiency improvements. Whereas, a holistic facility approach could possibly be better suited to the 

heavier, more complex, industries such as the manufacture of coke, refined petroleum and chemical 

products, as well as the automobile manufacturing industry. 

Some useful objective functions have been identified within the literature review to aid in the 

identification of more beneficial changes to the manufacturing environment over other potential 

options. These include minimising energy use, total production time, total energy used and total water 

consumed as well as maximising energy efficiency and throughput. These objective functions can be 

extended as required to include the minimisation of any resource used within a manufacturing facility. 

Modelling buildings and associated manufacturing processes from the beginning can be time 

consuming and costly which is a disincentive to many companies that may have already developed a 

BIM or manufacturing production model for the building under assessment. As such the use of existing 

models/simulations or a rapid method of determining building geometry, using site measurements or 

existing BIM data, within a VE would be extremely beneficial. Some newer buildings would have an 

associated BIM however this contains a lot of information not required for energy modelling and 

would most likely need converting into appropriate formats depending on the software selected. 

6.1. Scope & Limitations 

Combining the benefits of BEM and MPS to achieve a holistic manufacturing facility or factory 

simulation requires a unique simulation approach. This paper reviewed the modelling and simulation 

tools available, or developed as part of previous research, that combine elements of BEM and MPS. In 

doing so the challenges of combining BEM and MPS were highlighted. 

This paper has only focused on modelling and simulation tools that have been developed or applied 

to a manufacturing facility ignoring the tools available solely for BEM of residential and commercial 

buildings or MPS that do not consider the use of energy. Consideration was given to the different 

challenges associated with modelling and simulating existing as-built facilities or future building 

designs. 

The software commercially available that the existing modelling and simulation tools are embedded 

┘ｷデｴｷﾐ ﾗヴ ;ヴW さHﾗﾉデ-ﾗﾐゲざ デﾗ ｴ;┗W HWWﾐ SｷゲI┌ゲゲWSく Aﾐ Wﾏヮｴ;ゲｷゲ ┘;ゲ ヮﾉ;Ied on any existing tools that 

offer a holistic simulation of a manufacturing facility in terms of energy use. 



TLGPhD_004_004v2 

Page 32 of 39 

This paper excluded research on the calibration, sensitivity and validation of the building and process 

energy modelling and simulation tools described within this paper as these are extensive topics by 

themselves. All existing modelling and simulation tools discussed were assumed to be appropriately 

calibrated and validated in the existing literature. In addition, methods of renewable energy 

generation for a factory were also excluded with the focus being placed on increasing energy efficiency 

or reducing energy use. 
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7. Conclusion 
This paper has highlighted the challenges of BEM in manufacturing through a review of existing 

literature. The review identified that progress has been made in attempting to simulate the energy 

use across different system levels within a manufacturing facility including interdependencies; 

machines, process lines, TBS and building shell. However, the progress to date has generally been 

ゲｷﾏヮﾉｷゲデｷI ;ﾐS さヮヴﾗﾗa ﾗa IﾗﾐIWヮデざ ｷﾐ ﾐ;デ┌ヴW ヴWゲ┌ﾉデｷﾐｪ ｷﾐ ヮﾗゲゲｷHﾉW ゲﾗﾉ┌デｷﾗﾐゲ デﾗ┘;ヴSゲ ; ｴﾗﾉｷゲデｷI WﾐWヴｪ┞ 
simulation but requiring further development to obtain a comprehensive simulator. 

This paper has reviewed the developed modelling approaches and the tools available for use in future 

research. Requirements have been identified for the development of a holistic energy simulation tool 

for use in a manufacturing facility, that is capable of simulating interdependencies between different 

building layers and systems, and a rapid method of 3D building geometry generation from site data or 

existing BIM in an appropriate format for energy simulations of existing factory buildings 

In addressing these research areas, industry will be empowered to make effective retrofit decisions 

that can maintain throughput while simultaneously reducing energy use or improving energy 

efficiency. This paper has focused on solutions for industrial energy use however the outcome of the 

identified research areas have wide ranging applications with techniques that could be applied to 

solve many other system simulation challenges. 

Acknowledgements 
The authors would like to acknowledge the financial contribution provided by the Engineering and 

Physical Sciences Research Council (EPSRC) and BMW that has enabled this production of this paper. 



TLGPhD_004_004v2 

Page 34 of 39 

References 
[1] Alkadi NE. Energy and Productivity , Two Sides of a Coin in the U . S . Auto Industry. Warrendale: 

2006. doi:10.4271/2006-01-0833. 

[2] Thiede S, Seow Y, Andersson J, Johansson B. Environmental aspects in manufacturing system 

modelling and simulation-State of the art and research perspectives. CIRP J Manuf Sci Technol 

2013;6:78に87. doi:10.1016/j.cirpj.2012.10.004. 

[3] U.S Energy Information Administration (U.S. EIA). International Energy Outlook 2016. 

Washington D.C.: 2016. 

[4] International Energy Agency (IEA). World Energy Outlook 2010. vol. 23. 2010. 

doi:10.1049/ep.1977.0180. 

[5] Department for Business Energy & Industrial Stratergy. Energy Consumption. 2016. 

[6] Herrmann C, Thiede S. Process chain simulation to foster energy efficiency in manufacturing. 

CIRP J Manuf Sci Technol 2009;1:221に9. doi:10.1016/j.cirpj.2009.06.005. 

[7] Centre for Low Carbon Futures. The Retrofit Challenge: Delivering Low Carbon Buildings. Res 

Insights into Build Retrofit UK 2011:1に32. 

[8] DesignBuilder Software Ltd. DesignBuilder n.d. https://www.designbuilder.co.uk/ (accessed 

November 2, 2016). 

[9] Department of Energy. EnergyPlus n.d. https://energyplus.net/ (accessed November 2, 2016). 

[10] Department of Energy. eQUEST n.d. http://www.doe2.com/equest/ (accessed November 23, 

2016). 

[11] Autodesk. Green Building Studio n.d. https://gbs.autodesk.com/GBS/ (accessed November 2, 

2016). 

[12] International Building Physics Toolbox. ibpt.org n.d. http://www.ibpt.org/index.html (accessed 

November 23, 2016). 

[13] IES. Integrated Environmental Solutions Virtual Environment (IES VE) n.d. 

https://www.iesve.com/ (accessed November 2, 2016). 

[14] Lawrence Berkeley National Laboratory. Modelica Buildings library n.d. 

http://simulationresearch.lbl.gov/modelica/ (accessed November 2, 2016). 

[15] Sefaira UK Limited. Sefaira n.d. http://sefaira.com/ (accessed November 2, 2016). 

[16] AnyLogic. AnyLogic Simulation Software n.d. http://www.anylogic.com/areas/manufacturing 

(accessed November 2, 2016). 

[17] Arena. Arena Simulation n.d. https://www.arenasimulation.com/industry-

solutions/manufacturing-simulation-software (accessed November 2, 2016). 

[18] Dassult Systems. DELMIA n.d. http://www.3ds.com/products-services/delmia/ (accessed 

November 23, 2016). 

[19] FlexSim Software Products Inc. FlexSim Simulation Software n.d. https://www.flexsim.com/ 

(accessed November 2, 2016). 

[20] Siemens PLM Software. Plant Simulation n.d. 

https://www.plm.automation.siemens.com/en_gb/products/tecnomatix/manufacturing-

simulation/material-flow/plant-simulation.shtml (accessed November 2, 2016). 



TLGPhD_004_004v2 

Page 35 of 39 

[21] Simio LLC. Simio n.d. http://www.simio.com/applications/manufacturing-simulation-

software/ (accessed November 2, 2016). 

[22] SIMUL8 Corporation. SIMUL8 n.d. http://www.simul8.com/manufacturing/ (accessed 

November 2, 2016). 

[23] Bawaneh K, Overcash M, Twomey J. Analysis techniques to estimate the overhead energy for 

industrial facilities and case studies. Adv Build Energy Res 2016;10:191に212. 

doi:10.1080/17512549.2015.1079241. 

[24] Wright AJ, Oates MR, Greenough R. Concepts for dynamic modelling of energy-related flows in 

manufacturing. Appl Energy 2013;112:1342に8. doi:10.1016/j.apenergy.2013.01.056. 

[25] Haapala KR, Zhao F, Camelio J, Sutherland JW, Skerlos SJ, Dornfeld DA, et al. A Review of 

Engineering Research in Sustainable Manufacturing. Proc ASME 2011 Int Manuf Sci Eng Conf 

MSEC2011 2011;135:1に21. doi:10.1115/1.4024040. 

[26] Weeber M, Böhner J, Steinhilper R. Towards integrated energy efficiency assessment of 

production machinery, auxiliary processes and technical building services. 23rd Int. Conf. Prod. 

Res., 2015. 

[27] Rahimifard S, Seow Y, Childs T. Minimising embodied product energy to support energy 

efficient manufacturing. CIRP Ann - Manuf Technol 2010;59:25に8. 

doi:10.1016/j.cirp.2010.03.048. 

[28] Gerschwin SB. Manufacturing System Engineering. Prentice Hall; 1993. 

[29] Meyer R. Event-Driven Multi-agent Simulation. In: Grimaldo F, Norling E, editors. Multi-Agent-

Based Simul. XV, Int. Work. MABS 2014, vol. 9002, Paris, France: Springer International 

Publishing; 2015, p. 3に16. doi:10.1007/978-3-319-14627-0. 

[30] Oates MR. A new approach to modelling process and building energy flows in manufacturing 

industry. De Montfort University, Leicester, 2013. 

[31] Harish VSK V, Kumar A. A review on modeling and simulation of building energy systems. 

Renew Sustain Energy Rev 2016;56:1272に92. doi:10.1016/j.rser.2015.12.040. 

[32] Li X, Wen J. Review of building energy modeling for control and operation. Renew Sustain 

Energy Rev 2014;37:517に37. doi:10.1016/j.rser.2014.05.056. 

[33] Pérez-Lombard L, Ortiz J, Pout C. A review on buildings energy consumption information. 

Energy Build 2008;40:394に8. doi:10.1016/j.enbuild.2007.03.007. 

[34] Coakley D, Raftery P, Keane M. A review of methods to match building energy simulation 

models to measured data. Renew Sustain Energy Rev 2014;37:123に41. 

doi:10.1016/j.rser.2014.05.007. 

[35] Bahar Y, Pere C, Landrieu J, Nicolle C. A Thermal Simulation Tool for Building and Its 

Interoperability through the Building Information Modeling (BIM) Platform. Buildings 

2013;3:380に98. doi:10.3390/buildings3020380. 

[36] Seow Y, Rahimifard S, Woolley E. Simulation of energy consumption in the manufacture of a 

product. Int J Comput Integr Manuf 2013;26:663に80. doi:10.1080/0951192X.2012.749533. 

[37] Abdelaziz EA, Saidur R, Mekhilef S. A review on energy saving strategies in industrial sector. 

Renew Sustain Energy Rev 2011;15:150に68. doi:10.1016/j.rser.2010.09.003. 

[38] Alvarez MEP, Barcena MM, Gonzalez FA. A Review of Sustainable Machining Engineering票: 
Optimization Process Through Triple Bottom Line 2016;138:1に16. doi:10.1115/1.4034277. 



TLGPhD_004_004v2 

Page 36 of 39 

[39] Apostolos F, Alexios P, Georgios P, Panagiotis S, George C. Energy efficiency of manufacturing 

processes: A critical review. Procedia CIRP 2013;7:628に33. doi:10.1016/j.procir.2013.06.044. 

[40] Bunse K, Vodicka M, Schönsleben P, Brülhart M, Ernst FO. Integrating energy efficiency 

performance in production management - Gap analysis between industrial needs and scientific 

literature. J Clean Prod 2011;19:667に79. doi:10.1016/j.jclepro.2010.11.011. 

[41] Esmaeilian B, Behdad S, Wang B. The evolution and future of manufacturing: A review. J Manuf 

Syst 2016;39:79に100. doi:10.1016/j.jmsy.2016.03.001. 

[42] Gahm C, Denz F, Dirr M, Tuma A. Energy-efficient scheduling in manufacturing companies: A 

review and research framework. Eur J Oper Res 2016;248:744に57. 

doi:10.1016/j.ejor.2015.07.017. 

[43] Giret A, Trentesaux D, Prabhu V. Sustainability in manufacturing operations scheduling: A state 

of the art review. J Manuf Syst 2015;37:126に40. doi:10.1016/j.jmsy.2015.08.002. 

[44] Kang HS, Lee JY, Choi S, Kim H, Park JH, Son JY, et al. Smart manufacturing: Past research, 

present findings, and future directions. Int J Precis Eng Manuf - Green Technol 2016;3:111に28. 

doi:10.1007/s40684-016-0015-5. 

[45] Napp TA, Gambhir A, Hills TP, Florin N, Fennell PS. A review of the technologies, economics and 

policy instruments for decarbonising energy-intensive manufacturing industries. Renew 

Sustain Energy Rev 2014;30:616に40. doi:10.1016/j.rser.2013.10.036. 

[46] Olanrewaju OA, Jimoh AA. Review of energy models to the development of an efficient 

industrial energy model. Renew Sustain Energy Rev 2014;30:661に71. 

doi:10.1016/j.rser.2013.11.007. 

[47] Zhou L, Li J, Li F, Meng Q, Li J, Xu X. Energy consumption model and energy efficiency of machine 

tools: A comprehensive literature review. J Clean Prod 2016;112:3721に34. 

doi:10.1016/j.jclepro.2015.05.093. 

[48] Biel K, Glock CH. Systematic literature review of decision support models for energy-efficient 

production planning. Comput Ind Eng 2016;101:243に59. doi:10.1016/j.cie.2016.08.021. 

[49] Gutowski T, Murphy C, Allen D, Bauer D, Bras B, Piwonka T, et al. Environmentally benign 

manufacturing: Observations from Japan, Europe and the United States. J Clean Prod 

2005;13:1に17. doi:10.1016/j.jclepro.2003.10.004. 

[50] Herrmann C, Thiede S, Kara S, Hesselbach J. Energy oriented simulation of manufacturing 

systems - Concept and application. CIRP Ann - Manuf Technol 2011;60:45に8. 

doi:10.1016/j.cirp.2011.03.127. 

[51] Park C-W, Kwon K-S, Kim W-B, Min B-K, Park S-J, Sung I-H, et al. Energy consumption reduction 

technology in manufacturing - A selective review of policies, standards, and research. Int J 

Precis Eng Manuf 2009;10:151に73. doi:10.1007/s12541-009-0107-z. 

[52] Tanaka K. Review of policies and measures for energy efficiency in industry sector. Energy 

Policy 2011;39:6532に50. doi:10.1016/j.enpol.2011.07.058. 

[53] Duflou JR, Sutherland JW, Dornfeld D, Herrmann C, Jeswiet J, Kara S, et al. Towards energy and 

resource efficient manufacturing: A processes and systems approach. CIRP Ann - Manuf 

Technol 2012;61:587に609. doi:10.1016/j.cirp.2012.05.002. 

[54] Mousavi S, Kara S, Kornfeld B. A hierarchical framework for concurrent assessment of energy 

and water efficiency in manufacturing systems. J Clean Prod 2016;133:88に98. 

doi:10.1016/j.jclepro.2016.05.074. 



TLGPhD_004_004v2 

Page 37 of 39 

[55] Herrmann C, Schmidt C, Kurle D, Blume S, Thiede S. Sustainability in manufacturing and 

factories of the future. Int J Precis Eng Manuf - Green Technol 2014;1:283に92. 

doi:10.1007/s40684-014-0034-z. 

[56] Liu H, Zhao QC, Huang NJ, Zhao X. A Simulation-Based Tool for Energy Efficient Building Design 

for a Class of Manufacturing Plants. IEEE Trans Autom Sci Eng 2013;10:117に23. 

doi:10.1109/TASE.2012.2203595. 

[57] Liu H, Zhao Q, Cao W, Huang N, Zhao X. Simulation based evaluation and optimization for 

energy consumption of a typical welding shop. IEEE Int Conf Autom Sci Eng 2011:660に5. 

doi:10.1109/CASE.2011.6042482. 

[58] Moynihan GP, Triantafillu D. Energy Savings for a Manufacturing Facility Using Building 

Simulation Modeling: A Case Study. Eng Manag J 2012;24:73に84. 

doi:10.1080/10429247.2012.11431957. 

[59] Katunsky D, Korjenic A, Katunska J, Lopusniak M, Korjenic S, Doroudiani S. Analysis of thermal 

energy demand and saving in industrial buildings: A case study in Slovakia. Build Environ 

2013;67:138に46. doi:10.1016/j.buildenv.2013.05.014. 

[60] University of Strathclyde. ESP-r n.d. http://www.esru.strath.ac.uk/Programs/ESP-r.htm 

(accessed November 18, 2016). 

[61] Wetter M. BuildOpt - A new building energy simulation program that is built on smooth models. 

Build Environ 2005;40:1085に92. doi:10.1016/j.buildenv.2004.10.003. 

[62] Zhao W Bin, Jeong JW, Noh S Do, Yee JT. Energy simulation framework integrated with green 

manufacturing-enabled PLM information model. Int J Precis Eng Manuf - Green Technol 

2015;2:217に24. doi:10.1007/s40684-015-0025-8. 

[63] Autodesk. Revit n.d. http://www.autodesk.co.uk/products/revit-family/overview (accessed 

November 18, 2016). 

[64] Rivest L, Bouras A, Louhichi B. Product lifecycle management: Towards knowledge rich 

enterprises票; IFIP WG 5.1 International Conference, PLM 2012, Montreal, QC, Canada, July 9-

11, 2012, revised selected papers. 2012. doi:10.1007/978-3-642-35758-9_5. 

[65] Kissock K, Hallinan K, Bader W. Energy and Waste Reduction Opportunities in Industrial 

Processes. Strateg Plan Energy Environ 2001;21:40に53. doi:10.1080/10485230109509571. 

[66] Autodesk. Insight 360 n.d. https://insight360.autodesk.com/oneenergy (accessed November 

21, 2016). 

[67] Despeisse M, Oates MR, Ball PD. Sustainable manufacturing tactics and cross-functional factory 

modelling. J Clean Prod 2013;42:31に41. doi:10.1016/j.jclepro.2012.11.008. 

[68] Mathworks. Simulink - Simulation and Model-Based Design n.d. 

https://uk.mathworks.com/products/simulink/index.html?s_tid=gn_loc_drop (accessed 

November 23, 2016). 

[69] Fritzson P, Bunus P. Modelica - A General Object-Oriented Language for Continuous and 

Discrete-Event System Modeling and Simulation. 35th Annu. Simul. Symp., 2002. 

[70] EQUA. IDA ICE n.d. http://www.equa.se/en/ida-ice (accessed November 18, 2016). 

[71] Sketchup. SketchUp n.d. http://www.sketchup.com/ (accessed November 23, 2016). 

[72] Trane Commercial. TRACE 700 n.d. http://www.trane.com/commercial/north-

america/us/en/products-systems/design-and-analysis-tools/analysis-tools/trace-700.html 



TLGPhD_004_004v2 

Page 38 of 39 

(accessed November 23, 2016). 

[73] ASHRAE. ASHRAE 90.1 Energy Standard for Buildings Except Low-Rise Residential Buildings. 

2016. doi:http://dx.doi.org/10.1108/17506200710779521. 

[74] Kohl J, Spreng S, Franke J. Discrete event simulation of individual energy consumption for 

product-varieties. Procedia CIRP 2014;17:517に22. doi:10.1016/j.procir.2014.01.088. 

[75] Microsoft. Microsoft Excel 2016 n.d. https://products.office.com/en-gb/excel (accessed 

November 23, 2016). 

[76] Mousavi S, Thiede S, Li W, Kara S, Herrmann C. An integrated approach for improving energy 

efficiency of manufacturing process chains. Int J Sustain Eng 2016;9:37に41. 

doi:10.1080/19397038.2014.1001470. 

[77] Wilson J, Arokiam A, Belaidi H, Ladbrook J. A simple energy usage toolkit from manufacturing 

simulation data. J Clean Prod 2015;122:266に76. doi:10.1016/j.jclepro.2015.11.071. 

[78] Lanner. WITNESS - System Simulation Modeling n.d. 

http://www.lanner.com/technology/witness-simulation-software.html. 

[79] Seow Y, Goffin N, Rahimifard S, Woolley E. A さDesign for Energy Minimizationざ approach to 

reduce energy consumption during the manufacturing phase. Energy 2016;109:894に905. 

doi:10.1016/j.energy.2016.05.099. 

[80] Tesla. Tesla Gigafactory n.d. https://www.tesla.com/en_GB/gigafactory (accessed November 

17, 2016). 

[81] ARENA, Awuah-Offei K, Summers D, Hirschi JC. Reducing Energy Consumption and Carbon 

Footprint Through Imporved Production Practices. Missouri, USA: 2010. 

[82] Hesselbach J, Herrmann C, Detzer R, Martin L, Thiede S, Lüdemann B. Energy efficiency through 

optimised coordination of production and technical building services. 15th CIRP Int. Conf. Life 

Cycle Eng., 2008. 

[83] Imtech. HKSim-1.6 n.d. http://hksim-1-6.software.informer.com/ (accessed November 23, 

2016). 

[84] Thermal Energy System Specialists LLC. TRNSYS票: Transient System Simulation Tool n.d. 

http://www.trnsys.com/ (accessed November 23, 2016). 

[85] University of Kassel. SIMFLEX/3D n.d. http://www.fps.maschinenbau.uni-

kassel.de/en/research/sfx3d_dev.htm (accessed November 23, 2016). 

[86] Brundage MP, Member S, Chang Q, Li Y, Xiao G, Arinez J. Energy Efficiency Management of an 

Integrated Serial Production Line and HVAC System 2014;11:789に97. 

[87] Mathworks. MATLAB n.d. https://uk.mathworks.com/products/matlab/ (accessed November 

23, 2016). 

[88] Sun Z, Li L, Dababneh F. Plant-level electricity demand response for combined manufacturing 

system and heating, venting, and air-conditioning (HVAC) system. J Clean Prod 2016;135:1650に
7. doi:10.1016/j.jclepro.2015.12.098. 

[89] Davé A, Oates M, Turner C, Ball P. Factory eco-efficiency modelling: The impact of data 

granularity on manufacturing and building asset simulation results quality. Int J Energy Sect 

Manag 2015;9:547に64. doi:10.1108/IJESM-05-2013-0004. 

[90] Thiede S, Schönemann M, Kurle D, Herrmann C. Multi-level simulation in manufacturing 



TLGPhD_004_004v2 

Page 39 of 39 

companies: the Water-Energy Nexus case. J Clean Prod 2016;139:1118に27. 

doi:http://dx.doi.org/10.1016/j.jclepro.2016.08.144. 

[91] Thiede S, Bogdanski G, Herrmann C. A systematic method for increasing the energy and 

resource efficiency in manufacturing companies. Procedia CIRP 2012;2:28に33. 

doi:10.1016/j.procir.2012.05.034. 

[92] Thiede S, Posselt G, Herrmann C. SME appropriate concept for continuously improving the 

energy and resource efficiency in manufacturing companies. CIRP J Manuf Sci Technol 

2013;6:204に11. doi:10.1016/j.cirpj.2013.02.006. 

[93] Overcash M, Bawaneh K, Twomey J. Estimating nonprocess energy from building energy 

consumption. Energy Effic 2013;6:21に33. doi:10.1007/s12053-012-9165-7. 

[94] Posselt G, Fischer J, Heinemann T, Thiede S, Alvandi S, Weinert N, et al. Extending energy value 

stream models by the TBS dimension - Applied on a multi product process chain in the railway 

industry. Procedia CIRP 2014;15:80に5. doi:10.1016/j.procir.2014.06.067. 

[95] Feng L, Mears L. Energy Consumption Modeling and Analyses in Automotive Manufacturing 

Plant 2016;138:1に11. doi:10.1115/1.4034302. 

[96] Imtech Germany GmbH & Co. n.d. http://imtech.de/ (accessed November 21, 2016). 

[97] Junge M. Simulationsgestützte Entwicklung und Optimierung einer energieeffizienten 

Produktionssteuerung. 2007. 

[98] ecoinvent. ecoinvent n.d. http://www.ecoinvent.org/ (accessed November 17, 2016). 

 


