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Glossary of terms  

For the purposes of this dissertation, the following terms and definitions apply: 
Availability of controller framework  
Availability is a representative metric for the probability that the controller 

framework will provide a practical schedule for the plant during the period of a test and 
will not fail to control the individual components. 

Bang-bang control  
When the solution of the optimal control problem switches from one extreme 

restriction (upper bound or lower bound) to another (i.e. is strictly never in between the 
bounds), then that solution is referred to as a bang-bang solution. 

Building automation and control system 
A building automation and control system is typically a computer-based hierarchical 

framework, comprising of all engineering tools and services facilitating automatic 
control, monitoring, optimisation, operation, human intervention, and management to 
achieve a good building performance. 

Building energy management system 
A building energy management system is typically a computerised system that is an 

integrated part of the building automation and control, for monitoring and controlling 
all energy-related building services plant and equipment. 

Consumption-related costs 
Consumption-related or demand-related costs is the cost group in total cost of a plant 

that must be paid for consumption of final energies like electricity and fuel. 
Control architecture 
Control architecture refers to the strategy to combine the model based controllers 

with the capabilities of an existing building automation and control system into a 
coherent framework and is described using a flow chart. 

Control logic 
Is an underlying part of the control architecture and describes the operation of a 

controller using flow charts and state diagrams.  
Control loop 
Is the combination of the controlled system and the controller with a closed chain of 

action. 
Energy plant management system 
The element of a building energy management system focussing specifically on 

scheduling of the heating and/or cooling plant refers to the energy plant management 
system. 







 

IX 

Glossary of terms (continued) 

System state 
A dynamic process variable that characterises a dynamic system by predicting its 

evolution over time through solution of differential equations is defined as a system 
state. For instance, temperature of a storage tank or state of charge in a battery. 

Trigeneration systems 
Trigeneration systems or combined cooling, heating, and power systems are 

technically an extension of cogeneration systems wherein the waste heat of cogeneration 
is used to produce cooling in thermal chillers. 

Useful energy 
Useful energy is the generic term referring to the energy required by the end user for 

satisfying the electricity, heating, cooling, and air conditioning requirements. 
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The structure of the dissertation is shown in Fig. 1-2. 
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2 State-of-Art and Scope 

In this chapter, the state-of-art for tr igeneration systems in terms of technologies used, 
their conventional control strategies, optimisation techniques, and component models is 
presented and the scope of this work is formulated. The results of a detailed literature 
research are distributed into three sections. The first section reviews the potential of 
trigeneration systems as key solutions for energy transition in the building heating and 
cooling sector and the need for their optimal control. In the second section, the 
application of mathematical algorithms either for their synthesis, their sizing, or their  
operation are described. Finally, an analysis of existing models for components of a 
trigeneration system is given. 

2.1 Trigeneration systems 

Trigeneration or combined cooling, heating, and power (CCHP) systems typically 
generate electricity, useful heating, and cooling simultaneously from a single fuel source. 
Here, the thermal or electrical/mechanical energy from the cogeneration or combined 
heating and power (CHP) process is used further to produce cooling for processes or 
spaces by installing thermal chillers, electric chillers or both. Traditionally, only 
cogeneration systems were used in industries but since the early 1980s, various chillers 
have been integrated to form a trigeneration system for municipal cooling and heating. 
More recently, with advent of decentralisation and micro-grids, building level systems 
have gained attention especially in hotels, hospitals, shopping malls, restaurants, food 
storage, server rooms, and multi-residential dwellings and communities. 

The energy (electricity and thermal) requirement of the building sector (residential, 
public, and commercial) in IEA countries, is approximately 32% of total final energy 
demand (Al Moussawi et al., 2016). Considering this existing high energy requirement 
and projected worldwide increase especially in warmer, but economically developing 
countries it is apparent that energy efficient and environment friendly innovative 
systems like trigeneration will play an important role in a sustainable low-carbon energy 
future. Their potential also derives from the fact that many countries already have 
policies supporting the installation of CHP systems for example, the combined heat and 
power act  in Germany or the European emissions trading scheme (BMWi, 2018). In the 
context of the German energy system, it is reported that in addition to facilitating 
development of micro-grids in the future, CCHP systems also have a potential of covering 
41% to 53% of the total cooling demand in industries and 15% in buildings using process 
waste heat or CHP waste heat (Heinrich et al., 2014). 

Comprehensive information regarding the basics of trigeneration technologies, 
system configurations, performance evaluation metrics and policies supporting their 
growth are available in the reviews of Jradi, Liu, Murugan and Wu (Jradi and Riffat, 2014; 
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Prime mover: It is the most basic element of a CCHP plant and can be defined as a 
machine that transforms energy from thermal, electrical or pressure form to mechanical 
form. This could either be a combustion-based engine or turbine whose motion is 
coupled to a generator for producing electricity or an electro-chemical energy 
conversion device like fuel cell. The underlying technology for combustion engines and 
turbines is very mature and modern systems like Stirling engines, solid oxide fuel cells, 
and polymer electrolyte fuel cells are slowly penetrating the CHP market. Any of these 
options can be chosen to meet diverse demands and limitations depending on the 
application scenario. This is especially true for cases with restrictions on regional 
emissions, noise regulations, or installation procedure. Gas turbines and steam turbines 
systems ranging from several hundred kilowatts to several hundred megawatts have 
been in operation in industries and other commercial applications for several decades. 
Recently, micro-turbines ranging from 30 to 400 kWel and combustion engines ranging 
from 5 to 20 kWel are serving building applications. Discussions based on theoretical and 
experimental analysis of trigeneration systems with different prime movers from an 
energetic, exergetic, economic, environmental or integrated point of view can be found 
in the literature (Jradi and Riffat, 2014; Liu et al., 2014).  

Chillers: CCHP systems have either thermally, electrically, or mechanically driven 
chillers. Thermally driven chillers are principally used in trigeneration systems but 
sometimes mass-produced electric chillers are also installed as peak load components to 
reduce the initial investment costs of the system and to achieve a higher electrical cooling 
to cool load ratio (Angrisani et al., 2012; M. Liu et al., 2013). Most electric chillers are 
based on the vapour-compression cycle and can be operated as reversible heat pumps. 
The main types of thermally driven chillers are closed cycle-absorption or adsorption 
based and open cycle-desiccant dehumidifiers. The choice of the chillers primarily 
depends on the temperature range of the driving heat. Absorption chillers using high-
temperature waste heat from combustion turbines are the most established in industry. 
However, in the past decade, adsorption chillers are gaining much attention due to their 
ability to use low-temperature driving heat and using only water as the refrigerant. 
Adsorption working pairs like silica gel-water, zeolite-water, and activated  
carbon-methanol with ca. 15 kWth cooling capacity are available on the market. They can 
use the low-temperature driving heat (60 to 90 °C) from micro-scale CHPs or rooftop 
solar thermal systems and are practical for smaller buildings. In addition, the typical 
chilled water output temperature of adsorption chillers is between 12 to 16 °C and can 
be used effectively in HVAC systems like thermally activated building systems (TABS) or 
radiant floor cooling. Further information on the working principle and operating 
characteristics of these chillers is available in the literature (Chua et al., 2013; Núñez, 
2010; Zhai and Wang, 2009). 

Storage: Thermal or electrical storages are integrated in CCHP plants to balance 
production-demand mismatches, extend operational hours of a CHP and aid in reducing 
CO2 emissions. Depending upon the application and load-scenario, the storages could be 
thermal, electro-chemical, or mechanical. In building technologies, the most common are 
water storage tanks and in micro-grids stationary battery packs are used as  
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Fig. 2-4 Analysis of the literature  available on optimisation for operation of trigeneration systems 
(33 references out of a total 133 references matched the analysis criteria for further investigation) 

Majority of the work in operation optimisation or optimal control of trigeneration 
systems is performed in a simulation environment. The focus of the simulation studies is 
to demonstrate the theoretical potential of optimal control for stand-alone or grid-
connected CCHP systems. Mixed integer linear problems (MILP) or other optimisation 
algorithms like genetic algorithms and quadratic programming are often used for this 
purpose. These methods are suitable for studies limited to simulation because tracking 
the exact interactions between components and their performance curves, which are 
often nonlinear, are not as critical as when working with real components. Also, a well 
formulated MILP and quadratic programming problem often reaches a global optimum 
owing to convexity of linear constraints and can be solved with extremely fast and 
effective commercially available software (Urbanucci, 2018). The need to simplify the 
optimisation problem for these complex systems is reflected in the number of studies 
using no storage tanks or mixed storage tanks. Due to the popularity of medium-scale 
and large-scale CCHPs more studies are done with such systems and they typically 
deploy absorption-based chillers and/or electric chillers. 

On the other hand, a less tackled field of research is the experimental demonstration 
of optimal control or MPC based strategies for building energy source side (scheduling) 
in comparison to control of distribution equipment (Bruni et al., 2015). This gap is also 
identified in works that establish the need for a real-time supervisory controller using 
optimisation in conjunction with MPC (Jradi and Riffat, 2014; Rong and Su, 2017). 
Resulting from the lack of experimental demonstrations there are fewer studies with  
mixed integer nonlinear problems (MINLP) and stratified tank models. These would be 
otherwise consequential to represent the nonlinear dynamics of the components and 
tracking the temperature distribution of the stratified storage tank which is often a 
system-state or a decision variable of the optimisation problem (Urbanucci, 2018). 
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2.6 Summary and outlook 

The review of scientific journals, project reports, and brochures in this chapter 
concluded that trigeneration systems are capable of: (a) facilitating the development of 
micro-grids, (b) covering a major part of the cooling requirement, and (c) reducing 
primary energy consumption. Additionally, theoretical studies in the field of optimal 
control of these systems presented a high potential for their economic and energy 
efficient operation. Despite that, the experimental demonstration and comparison of 
optimal control with conventional control for scheduling of CCHPs using standard 
industrial  components and practices were identified as gaps in this field of research. This 
was noticed especially for micro-scale systems deploying stratified tanks and adsorption 
chillers. 

Analysis of previous literature also revealed the multitude of existing models that 
were classified as per their methodologies, complexity, and objectives. With this regard, 
the shortlisted literature is analysed further in this dissertation to filter out the best 
approaches for developing control -oriented component models.  

The scope of this work is fixed within the vast field of HVAC systems research to the 
development and demonstration of an MPC based supervisory controller for the 
generation side of a building HVAC system, also referred to as optimal scheduling of the 
primary HVAC equipment. The emphasis being on engineering-oriented methodologies 
that support generalisation and execution in practice while facilitating a closest-possible 
comparison to conventional control techniques. 

However, before proceeding further with developing and implementing the MPC 
within the building automation and control system, the basic concepts of these tools and 
technologies are clarified in the next chapter.
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(1) Management level: A central computer is used for monitoring and synchronising 
the operation of the lower levels and in some cases coordination with management level 
of other plants. It runs a supervisory controller, which typically, provides set-points to 
the lower level controller and switches plant groups following a scheduling program. 
The scheduling program could be either a rule-based method, a performance map-based 
method, or an optimal control approach that yields reduction in energy consumption 
while simultaneously tracking thermal comfort. Exchange of data/information with third 
party systems, e.g. cloud-based databases, also occurs on the management level.  

(2) Automation level: Open and closed loop controllers operate the plant at set-points 
received from the management level. These lower level controllers can operate the plant 
independently using conventional control strategies if the supervisory controller fails. In 
addition to measurement and control, the other tasks for automation are switching, 
visualisation, counting, and monitoring. Typical hardware on this level is a 
programmable logic controller (PLC), modular input/output devices (I/O modules), 
relay switches, potentiometers, and electrical safety components amongst others.  
These are normally located in the control panel of the plant that is easily accessible to 
the operator. Binary signals are processed and transmitted to the management level 
directly, while analogue signals are converted into digital signals before transmission.  

(3) Field level: The process variables (temperatures, volume flow etc.) are measured 
via sensors, while the positioning of valves, dampers, and switching of components is 
completed via actuators. The sensor data are transmitted to the automation level as 
feedback signal to indicate the status of the system including monitoring equipment.  
At the field level, it is possible to control individual zones of a building using equipment 
such as radiator valves, fan coil units, mixing dampers etc. 

One of the major technical challenges is establishing the BAC network for transfer of 
data/information, both intra - and inter-level and with other external systems. 
Principally, a system-specific data bus permits exchange either horizontally or vertically, 
with each level operating with the data assigned to that level.  
As per the technical standard on building automation and control VDI 3814, standard 
data bus systems and communication protocols like Modbus, M-Bus or BACnet are used 
for this purpose. They help in transferring data of varying complexity, in integration of 
heterogeneous plants, and in central operation and monitoring. Using existing 
infrastructure (LAN/WAN) and facilitating a flexible installation are both possible due 
to standard communication systems. Depending on the scenario, either a single 
computer combines the operation on the management or automation level or each of 
these levels has a separate computer.  

Optimisation based building energy management systems, are capable of operating 
complex building HVAC systems over a wide range while still satisfying physical 
constraints and thermal comfort (Bruni et al., 2015). When applied specifically for the 
supervisory control and scheduling of the heating and/or cooling plant the energy 
management system is referred to as the energy plant management system (EPMS), 
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3.4 Summary and outlook 

Building automation and control systems are typically divided into three levels:  
management, automation, and field level. Different types of energy management systems 
or supervisory controllers operate on the management level to control a variety of 
systems e.g. heating plants, ventilation systems or air-conditioning systems. In this work, 
the supervisory controller is applied for optimal scheduling of the micro-scale 
trigeneration system (energy plant) on the field level. This particular application of a 
supervisory controller for the HVAC primary side or energy plant in a building is referred 
to as the energy plant management system. 

In this chapter, the different attributes of an MPC and optimisation techniques to solve 
it were presented in a condensed form. Particularly, the sought-after characteristics in 
control-oriented models e.g. practical parameterisation and continuous differentiability 
were summarised. An economic-MPC framework with grey-box models is considered 
most practical for thermal energy plants with slow-dynamics and is explored further in 
this dissertation. Three main issues are mentioned in the literature regarding application 
of economic-MPC: (a) feasibility of the optimisation problem, (b) stability of the closed-
loop system and (c) the closed-loop performance. These are handled using simplified 
mathematical algorithms and engineering solutions discussed in later chapters. 
Additionally, the MPC framework is developed in a hierarchical and centralised 
architecture where the management layer synchronises an operation with the lower 
level controllers. For real-time application, implicit -MPC techniques with a receding 
horizon and a variable length time -steps are applied. A mixed integer optimal control 
problem is solved using direct collocation for discretization of the problem and the 
combinatorial integral approximation method with branch-and-bound routines for 
solving the resulting MINLP. The solution of this optimal control problem including 
operational constraints with slack variables provides on-off switching sequences for the 
components that are used directly for the lower-level controller. Open-source forecast 
data from third party platforms is used for the MPC. 

With the above outlook on solving the MPC problem for economic scheduling of a 
micro-scale trigeneration system, the most important steps of developing the models for 
MPC and the experimental set-up for their evaluation is explained in the following 
chapter. 
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A concise explanation of the system is given in the block flow diagram in Fig. 4-1. 
Final energies in the form of combustion fuel (FUEL) and electricity from the local  
low-voltage grid (GRID) are converted to three useful energies: heating, cooling, and 
electricity by the components on the energy source side. The combined heating and 
power (CHP) unit  converts fuel to electrical power and high temperature heating power. 
The adsorption chiller (AdC) uses this as the driving energy to produce cooling power. 
Additionally, a reversible heat pump (RHP) consumes electricity to operate either as a 
heat pump (HP) producing low temperature heating power or as a compression chiller 
(CC) producing cooling power. Both the AdC and RHP interact with the same outdoor 
coil (OC) in a medium temperature circuit. The heating and cooling produced on the 
source side is stored in stratified water storage tanks, hot thermal energy storage (HTES) 
and cold thermal energy storage (CTES). They also act as the connecting points for all the 
flows between source and supply side. On the supply side, the TC and two thermostats 
generate a reference heating load (HL) and cooling load (CL) that are covered with low 
temperature heating or high temperature cooling from the thermal storages 
respectively. The electrical load (EL) comprises of an imaginary reference load profile 
and electricity can be purchased or fed-into the local low-voltage grid. 

 
Fig. 4-1 Block flow diagram of the INES trigeneration system 
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ELCLHL
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On far right, the workstation computer (WS) and thermostats and TC with TABS for 
emulating thermal loads connected as hardware-in-the-loop (HiL)  are also shown. 

 

Fig. 4-2 (a) View from left of the lab (b) View from right of the lab 

The components do not operate all at once but seven different modes of operation are 
possible depending on the combination of components, hydraulic connections, and 
thermal loads. Further details of these operating modes are given in Appendix B.  
The changeover operation from one mode to another takes 140 seconds. The hydraulic 
connections (switchover valves) are limited to covering only the HL or CL at a time. 

 BAC system for the INES lab 

The acquisition and distribution of data plays a key role in MPC of complex building 
energy systems. The data acquisition system was integrated into the BAC framework  
(cf. Chapter 3) as shown in Fig. 4-3. The BAC consists of three levels: field level, 
automation level, and management level.  
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Fig. 4-3 BAC system for the INES trigeneration lab to run both conventional and optimal control.  
Dash-dotted arrows represent only digital signals whereas solid arrows represent analogue and digital 
signals. Grey lines are part of the supervisory control loop and black lines are part of the monitoring 
loop. The dotted line box represents the workstation computer executing tasks of both management 
and automation level.  

With this framework, the plant can be operated using a supervisory controller based 
on either MPC or a conventional logic (for comparison purposes) from the management 
level. Here, the supervisory controller chooses from one of the seven possible operation 
modes (refer Appendix B.3) for the real-plant on the field level. It is programmed in the 
Python environment and sends its control signal, the operation mode, to PLC on the 
automation level. A lower-level controller programmed in the LabVIEW® environment 
uses the operation mode value in its sequential control logic to perform the state-based 
actions and transition tasks. This includes opening/closing valves, providing set-points 
to the components in a predetermined sequence, and a safety shut-down logic. 
A complete functional description of the lower-level controller is given in Appendix B.4. 
Sensor data from the field level is passed onto the PLC in the monitoring loop and is then 
used as system states on the management level or as operational data on the automation 
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indoor-climate control. In the INES profile, no CL is generated during winter for 
experiments and CL could be simulated in transition season. 

 

Fig. 4-5 Reference load profiles and scaled down version for INES experiments 

Depending on the application scenario the loads decrease or increase on a weekend 
and this was achieved by a simplistic approach of multiplying the weekday pattern with 
a scaling factor (Tichi et al., 2010). For instance, a deterministic profile for an office 
building over an entire week in summer starting from Wednesday could be synthesised 
as shown in Fig. 4-6. The cooling load and electrical load is higher during office hours 
(07:00 to 19:00) especially on a weekday and significantly reduces over the weekend. 
The load is 0.5 times the weekday load on a Saturday and 0.45 times the weekday load 
on a Sunday. 
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using complicated control algorithms leading to the distinctive cyclic behaviour of the 
three circuit temperatures, as reported in the literature (Wu and Wang, 2006). 

 

Fig. 4-9 Functional construction of a single adsorption module (Fahrenheit GmbH, 2014). 
A (Condenser), B (Evaporator), 1(Recooler, here OC), 2 (Driving heat source, here CHP), 3 (Cooling 
load), 4 (Glycol-water system separation, here HX). 

The sequence of events for one entire cycle can be divided into four phases. Fig. 4-10 
shows the first phase and other phases are explained using the same figure.  

 

Fig. 4-10 Sequence of events in the processing chambers of the two modules during Phase 1  
(Fahrenheit GmbH, 2014) 

The operational sequence for a single module consists of the following 4 phases: 
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Fig. 4-27 Block flow diagram for HP operation at INES with external hydraulic switching  

In the HP mode, the very low vaporisation temperature of a refrigerant is exploited by 
reversing the cycle and connecting the evaporator to the ambient (over OC).  
For instance, low temperature ambient air provides sufficient energy for vaporisation 
because R407c evaporates at -10 °C at 3.5 bar (Siemens Building Technologies, 2018).  
In the next step, refrigerant vapour is compressed for increasing its condensation point 
so that greater liquefaction heat can be carried away by the heating medium (water) for 
the heating load. Downstream from the condenser, the refrigerant is completely liquefied 
but still at a high pressure. The pressure is dissipated using an expansion valve, and the 
process cycle begins again. 

The volume flows of the mediums in the evaporator and condenser circuits are 
maintained by external pumps and are not controlled under the scope of this work.  
These are kept constant for simplicity of control and to maintain the values closest-
possible to the recommended nominal flows (Table 4-1).  

Two important heat pump operating limits are defined by the minimum permissible 
vaporisation pressure and maximum permissible condensation pressure of the 
refrigerant. These limits are maintained by low-pressure and high-pressure safety 
pressostats in the evaporator and condenser circuits. These situations can typically arise 
when sufficient heat is not available to provide the vaporisation energy or the heating 
load is not high enough to extract the condensation heat. The minimum permissible 
vaporisation pressure depends on the compressor ratio and the heat source 
temperature. For instance, if using water in the evaporator circuit the vaporisation 
temperature must be above 0°C to avoid icing. The maximum permissible condensation 
pressure for R407c is restricted to 22 bar in practice and corresponds to a maximum 
heating water temperature of 50 °C (Siemens Building Technologies, 2018). 

Due to the above physical restrictions, the operating limits of the HP mode at INES are 
lowest permissible evaporator inlet of 10 °C and highest permissible condenser outlet of 
50 °C. This corresponds to an ambient temperature higher than 12 °C and HTES 
temperature lower than 45 °C for the HP operation.  
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6.5 Summary and outlook 

The theory of mixed integer optimal control problems (MIOCP) from Chapter 3 and 
results of control-oriented models, forecast values, and the experimental set-up from 
Chapter 4 were brought together in the development of an optimisation algorithm for 
the INES trigeneration system.  

Engineering know-how gained during experiments for system analysis and model 
evaluation was used for simplification of the models making the MIOCP more 
computationally robust and fast. Soft constraints and smoothened vanishing constraints 
were programmed using slack variables to increase feasibility of the optimisation 
problem. Similarly, the combinatorial integral approximation method along with direct 
collocation was implemented for faster solutions of the MIOCP problems and acquiring 
binary control signals for the machines. The optimisation problem was summarised into 
system states, parameters, binary controls, continuous controls, and slack variables by 
combining the models, forecast data and component catalogues. These were integrated 
into the control architecture for implementation of MPC. The setting up of time loops, 
collecting forecast data, initialisation of the problem, its execution after every sampling 
time, and application of the optimal control vector was explained in a flowchart. 

With the individual blocks for MPC application now in place a full-scale demonstration 
is given in coming chapters to test the algorithm for its real-time capabilities and 
industry -oriented application. Examples of individual tests with different types of load 
and electricity price profiles or different component combinations are shown and 
discussed. 
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Fig. 6-2 Control logic of MPC and control architecture to implement the MPC loop in the INES building 
automation and control system 
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used. The simulated response of the system to the calculated control signal was of 
reasonable accuracy and the usefulness of the simplified models was established. 
The computation time for one iteration was between 10 to 15 seconds. This was within 
3% of the shortest control time-step and facilitated for the 140 seconds of valve 
positioning before a new iteration started. The maximum solution time was limited with 
the parameters: maximum CPU time in IPOPT (30 seconds) and in pycombina  
(30 seconds). An improvement in solution quality could be expected by permitting more 
time for these solvers. However, the permitted time should be set in the context of the 
length of a time-step. For instance, computation times of more than 1 minute on a 
sampling interval of 5 minutes especially in processes that change dramatically over the 
5 minutes could compromise the efficacy of the solution. 
With sensitivity analysis and long-duration tests on the real system the plausibility and 
availability of the complete MPC framework is evaluated in the next sections of this 
chapter.  
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Fig. 7-4 Comparison of MPC output with strict ly binary switches (MINLP) and MPC output with relaxed 
switches (NLP) for the previously shown reference summer scenario. (a) Solution with binary switches 
and (b) solution with relaxed switches 

(a) Binary switches (b) Relaxed switches
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Fig. 7-5 Comparison of MPC output with strictly binary switches (MINLP) and MPC output with relaxed 
switches (NLP) for the previously shown reference winter scenario. (a) Solution with binary switches 
and (b) solution with relaxed switches 

(a) Binary switches (b) Relaxed switches
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Fig. 7-6 Multiple MPC iterations in 4-hour intervals representing a 24-hour test. Shifting of horizon and 
update of forecast, electricity rate and optimal schedule is noticed in each sub-plot. For instance, 
inclusion of more HP operation during cheaper electricity rate as higher heating load is forecasted on 
the horizon  
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Fig. 7-9 High availability of the MPC framework due to the application of a fall-back solution as 
represented in terms of solution quality over 378 hours of operation time. In most iterations an optimal 
solution or an acceptable solution was found. In < 10% an infeasible solution was found and due to fall-
back solution in the MPC framework the previous optimal solution was applied. No particular 
correlation could be identified as cause of this infeasibility since many factors e.g. mathematical stability 
of solver, current tank temperature, predicted load, and minimum runtime are interconnected even in 
a single MPC iteration 

7.7 Summary and outlook 

Theoretical concepts of mixed integer optimal control problems and the practical 
framework of a building automation and control system were integrated together to 
demonstrate the application of an economic-MPC for optimal scheduling of the INES 
trigeneration lab. The analysis of MPC solutions for one iteration or multiple iterations 
established the plausibility of MPC to provide a predictive switching schedule capable of 
minimising consumption-related costs by considering multiple input forecasts, 
hardware constraints, and storage capacities simultaneously. The process of a receding 
horizon scheme was displayed and the complex interdependence of the various factors 
affecting the MPC solution was highlighted.  

The fall-back solution programmed in the control architecture of MPC resulted in high 
availability of the controller and was quantified by recording the output of the nonlinear 
problem solver and time taken for the binary approximation.  

The good fit of simulated system states and measured data established the efficacy of 
the models developed in Chapter 4 (and simplifications in Chapter 6) to be used in MPC 
of trigeneration systems. The recommendation that models need to be only of sufficient 
accuracy for MPC of thermal systems was successfully applied in this work as noticed in 
the MPC results and measured data of long-duration tests. 
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Although the constraint violations e.g. CHP safety return-line temperature or 
minimum runtime did not lead to failure of the algorithm or hardware damage, avoiding 
all constraint violations is of significant importance for widespread acceptance of MPC. 
For evaluating the violation of temperature constraints and minimum runtime 
constraints by MPC, the data from multiple tests was analysed. The details of this analysis 
and possible improvements are discussed in Chapter 8. 

 Challenges and research potential 

Multiple challenges and research potential were identified for the implementation of 
MPC to industrial systems in the future. 

Application of machine learning algorithms: The application of grey-box models makes 
it possible to integrate machine learning algorithms for parameterisation of the 
component models when developing MPC for green-field and retrofit systems. This is a 
highly relevant field of research and gives the possibility to include different component 
technologies and provide customised solutions for sector coupling and optimal control 
of decentralised energy systems. 

Cascading with rule-based controller: The possibility to cascade a MPC with a  
rule-based controller could be realised by applying explicit -MPC techniques. The optimal 
schedule of the MPC is forwarded as a look-up table for a rule-based controller in the 
form of the set-point values for tank temperatures or switching point between the 
primary and back-up systems. The rule-based controller then operates the plant as per 
these optimally set parameters but overrides the control in case any constraint violations 
occur. This type of cascaded control may facilitate a safer operation due to the hard 
constraints of the rule-based controller and simultaneously exploit the features of 
optimal control.  

Implementation of relaxed solution: The potential benefits of implementing a relaxed 
solution in this study were based on an elementary comparison and further analysis is 
necessary for their quantification. Such an analysis is possible through detailed  
long-duration simulations or a test set-up with components capable of output 
modulation. However, based on the practical experience gathered during this study, it is 
highly recommended that the economic benefits of a relaxed solution in retrofit 
scenarios will not overcome the investments (monetary and time) for modifying any 
internal controllers or hydraulic connections to ensure its hardware implementation. 

Mathematical scrutiny of optimisation algorithm and problem formulation:  
To improve the quality of the relaxed solution i.e. solution of the original nonlinear 
problem a thorough mathematical scrutiny of the optimisation algorithm and the 
problem formulation should be done. Further simplification of the models and reducing 
number of algebraic constraints should be attempted. Additionally, advanced solvers e.g. 
MA27 and MA57 within the IPOPT package and sensitivity analysis with the IPOPT 
setting parameters should be attempted. 
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Quality of binary approximation solution: The effectiveness of the binary 
approximation algorithm to find binary solutions that closely capture the dynamics of a 
relaxed solution and respect all constraints is of crucial importance. The evaluation of 
single MPC iterations revealed that the binary approximation is more effective if the 
relaxed solution for a component is closer to 0 or 1 (bang-bang form).  
Further improvement of the binary approximation method is necessary in order to find 
a best possible solution corresponding to the relaxed solution and is a valuable field of 
research in terms of MINLP solvers. The binary approximation methods must be 
critically evaluated for their mathematical formulation and further tests e.g. with higher 
permissible times should be done for their development. 

Uncertainty in forecast data, price predictions, and model mismatch: A deterministic 
forecast was used in this work because the focal point was to demonstrate and compare 
MPC against a reference controller under almost-identical conditions. Additionally, with 
the assumption that the slow dynamics of a thermal system are handled adequately with 
a receding horizon scheme a practical and simple approach was possible. However, when 
the effect of uncertainties in the input data (disturbances and measurement noise) or 
model output (numerical errors or mismatch) are a matter of concern then explicit 
techniques to formulate robust MPC or stochastic MPC should be applied (cf. Section 3.3). 
This is a highly relevant field of research and many theoretical studies have developed 
these approaches. A practical application of these approaches and quantitative analysis 
to evaluate their benefits for systems highly sensible to uncertainties and model 
mismatch is also a valuable research topic. 
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Fig. 8-14 Frequency for the adequacy of tank temperature over 758 hours of experimental data 

Both the controllers were able to maintain adequate temperatures in the tank for more 
than 90% of the experimental data. However, the MPC controller violated the soft 
constraint to maintain adequate tank temperature by a maximum of 3 K for 6.6% of the 
total time. The number of violations greater than 3 K are negligible and in certain cases 
the measured data shows deviation due to the periodic behaviour of the AdC and the 
limitations of the three-way mixing valve controller. A detailed evaluation of this 
deviation was not in the scope of this work. 

 Conclusion of operational analysis 

The MPC violated certain not-critical constraints for temperature and minimum 
runtime more than the reference controller, but followed its main aim of economic 
improvement (cf. Section 8.1.3) and operated stably with out posing a risk to the 
hardware or reducing system efficiency significantly. In the cases, when hard constraints 
were programmed in the reference controller (exactly for this set-up in a nontrivial 
process) the violations were smaller than the MPC.  

The preliminary analysis of measured data revealed following primary reasons or 
combinations of them for the constraint violations: (a) usage of slack variables for 
violating the soft constraints when the total economic cost was still minimum,  
(b) sub-optimal solutions for the binary approximation problem, (c) impractically scaled 
thermal loads, (d) model-mismatch including technical limitations(cf. Chapter 4.13).  

To minimise constraint violations further tuning of the controllers is necessary.  
For the reference controller, more time-consuming tests and calculations or simulations 
with the system are needed to adapt the control logic. Moreover, such a tuning may be 
effective only for the target system and scenario and the performance of the reference 
controller may deteriorate when the system operates outside the range used for tuning 
the controller. 

On the other hand, as discussed in Section 8.1, the MPC is easily tuned and is more 
flexible to choose the optimal solution within the entire operational range. It can be 
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adapted to other plants and scenarios without excessive tuning efforts as it automatically 
calculates the control signal.  

8.4 Summary and outlook 

The results from multiple long-duration tests in summer and winter with ca. 950 hours 
of MPC operation and implementing different types of loads, electricity tariff structures, 
and initialisation parameters was analysed and a stable operation of the control loop was 
demonstrated. The MPC was compared under almost-identical circumstances to a 
reference controller based on a conventional following thermal load- base load matching 
strategy. The thermal and electrical energy balances of both controllers were assessed 
and the measured data was evaluated for economic and operational analysis. The MPC 
controller showed an average saving of 5.9% to 11.7% in simple levelised cost of energy 
over the reference controller. In addition to the economic benefits, the MPC also showed 
operational benefits in terms of grid-supportive scheduling of the components and 
following hardware constraints. For instance, lower switching of switch-critical  
machines like CHP and AdC and higher switching of less critical components like RHP.  
It was noted that the reference controller was specifically developed for the INES 
trigeneration lab after multiple tests and recommendations of the component 
manufacturers. Thus, economic and operational benefits of an MPC controller would be 
even greater over a standard reference controller.  

In addition to the quantifiable gains, the following qualitative advantages for MPC from 
an engineering perspective were identified: 

Commissioning of controller: After developing the initial mathematical framework of 
the MPC in an extensive effort, it was tuned using basic engineering knowledge and 
component data sheets. The commissioning and adaption of this MPC in a green-field or 
retrofit scenario for different set-ups can be time and resource efficient considering:  
(a) marginal modelling effort to integrate new machines and their constraints or cost 
function terms and (b) easier tuning of the controller 

Extension of existing framework: It was clear through the tests that developing a 
control logic considering multiple factors such as tank temperatures, operational 
constraints, electricity price, and load forecasts is extremely complex in a conventional 
controller. Even if successfully tested for a particular scenario, the extension of the 
framework to another scenario would require new analysis and planning. On the other 
hand, the existing framework of the MPC controller could be adapted for any season of 
year and further components and their constraints or cost function terms could be added 
without high programming effort. 

The above-mentioned qualitative advantages of MPC were reported in the literature 
and are experimentally verified. A detailed sensitivity analysis of the slack stage-cost 
penalties, mathematical evaluation of the pycombina solver, and experiments for more 
load scenarios are necessary for improving the overall MPC quality. 
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A generalizable mixed integer optimal control problem was developed using system 
states from differential equations, parameters from component data sheets, binary 
controls of the components, continuous controls, and slack variables related to the plant 
and an objective to minimise the consumption-related costs of the plant. All necessary 
algorithms and data sources were programmed in the Python 3.7 64-bit environment. 
CasADi was used via its Python interface for implementation of the system model and 
the discretized MIOCP. The IDAS solver from the SUNDIALS suite was used for numerical 
integration of the models within simulations. The NLPs were solved by employing IPOPT 
in the CasADi environment. The combinatorial integral approximation problem with 
minimum up/down -time constraint was solved using the tailored branch-and-bound 
method implemented in pycombina. The complete software on management and 
automation level was installed on a HP desktop PC with an Intel® Xeon 3.07 GHz CPU 
and 8 GB RAM and running a Windows 10 64-bit system. Execution of the MPC 
framework on this low specification computer ensures the execution of the MPC 
framework on a standard industrial computer, which has typically higher specifications.  

Application test of the MPC framework (Chapter 7) 
The feasibility and usefulness of MPC for complex energy systems had been expressed 

in previous theoretical studies and this work demonstrated it in a practical environment. 
The demonstration with standard industrial components and protocols supports the 
retrofit deployment of MPC in existing energy systems and the ease of setting up and 
tuning the controller supports its deployment to green-field scenarios. Compared to a 
well-tuned conventional controller, savings in final energy costs and hardware-friendly 
operation were noticed in numerous tests. The closed-loop behaviour in these tests also 
showed good performance, especially for deviations in ambient temperatures or 
forecasted loads. Additionally, it was observed that MPC is better suited for operating the 
plant under the influence of simultaneous input factors, as will be the case in a future 
energy system with multiple decentralised prosumers. Although an all-inclusive 
approach for developing an optimal controller is not possible due to the specific 
properties inherent to every problem, it is safe to assume that adapting an existing MPC 
framework is easier compared to adapting a conventional controller for other 
operational conditions or systems. However, the stability of the MPC controller and 
availability of reliable forecast data are the prerequisites for tapping into these 
advantages and studies focusing specially on these topics should be performed. 

Outlook  
The MPC framework designed in this work is primarily based on knowledge of open-

source modelling and optimisation software tools. A thorough mathematical scrutiny of 
the optimisation problem and the solvers for improving the quality of the solution (e.g. 
reducing constraint violation or reducing solution time) should be done. The benefits of 
improv ing such MINLP solvers are manifold since most real-world systems operate 
nonlinearly and in any case with integer (if not binary) controls. The field experience and 
know-how gained through preliminary trial -and-error testing e.g. improvement of the 
solution with reinitialization  of problem, effect of solver tolerance or engineering 
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assumptions to simplify problem formulations, could be useful for advancing such a 
mathematical study and further research for their quantification and documentation 
should be performed. 

A sensitivity analysis of multiple factors directly influencing the plant operation for 
example, characteristics of the MPC formulation, forecast uncertainty, initial isation 
problems, solver attributes, or increasing capacity of components, has significant 
practical value. Practice oriented relationships (functions) could be derived from such 
an analysis and implemented to either improve existing conventional controllers or 
simplify future MPC formulations. The most feasible way to proceed in this field would 
be to implement a plant model that is a virtual, possibly high-accuracy representation of 
the controlled system needed to close the control loop in simulation. Unlike experiments 
with real systems the digital-twin of the plant can be used for simulating the performance 
of the MPC algorithm for longer durations (weeks to months) or for a faster analysis.  

Finally, in light of the research trend on future of energy systems comprising of 
components like micro-CHPs, heat pumps, batteries, photovoltaic, wind energy etc., it is 
of significant importance to facilitate their operation as interconnected prosumer cells 
in real-time. Such an energy system network will support the utility service provider 
with possibility of sector-coupling technologies like Power-to-Heat or Fuel-to-Power. 
For the large-scale realisation of interdependent energy systems, it will be necessary to 
establish a data analysis and communication architecture, implement machine-learning 
algorithms for model development and fault-finding, and aim for direct application of 
optimal control on the plant PLC hardware. 
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 INES trigeneration set-up 

This section provides the technical documentation used for the planning and 
operation of the INES trigeneration plant and extracts of product data, which are 
referenced in the main body of the dissertation. The following sub-sections are 
presented: 

B.1 Piping and instrumentation diagram 
B.2 Product data 
 B.2.1 Adsorption chiller (AdC) 

B.2.2 Combined heating and power (CHP) 
B.2.3 Outdoor coil (OC) 
B.2.4 Reversible heat pump (RHP) 
B.2.5 Storage tanks 

B.3 Operation modes 
B.4 Functional description for the lower-level controller 
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