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INTEGRAL BEMS  CONTROLLED LVPP IN THE SMART GRID:  AN 

APPOACH TO A COMPLEX DISTRIBUTED SYSTEM OF THE BUILT 

ENVIRONMENT FOR SUSTAINABILITY 

 
 
 

ABSTRACT 

The Built Environment is the most complex distributed system with its energy networks. It has a huge impact on 

ecology and economy as it is responsible for nearly 40% of the total energy use and the related emissions.     

There is growing interest in the proliferation of smart grid technologies to enable the growth of renewable 

energy installations both on a distributed basis as well as at the utility scale. Renewable energy, like wind and 

solar power, are depending on the weather conditions. This causes fluctuations in supply which can lead to 

instability of the electricity grids. Therefor there is a need of flexibility on the demand side. Office buildings, 

which consume relatively more energy than residential buildings,  are a potential source of energy flexibility 

which can be offered to the Smart Grid as a local virtual power plant (LVPP) to reduce uncertainty and optimize 

interaction with the Smart Grid. An integral framework for interactive process control is presented based on the 

combination of state-of-the-art process control Building Energy Management System (BEMS) and future support 

by multi-agent systems. The proposed LVPP-BEMS concept is tested and validated in an office building     
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Introduction 

The built environment could be seen as the most complex distributed system with its on utility level energy 

infrastructures for electricity, gas, heat- and cold,  combined within the buildings with all the ducts, pipes and 

cables.   The ecological impact of the built environment is big as in the U.S. and Europe the built environment 

accounts for nearly 40% of the total energy use [25, 31] and related emissions. As concerns grow about the 

environmental effects (global warming and weather extremes), so does the importance to society of developing 

and carefully implementing alternative energy sources. The built environment is critical for the ecological and 

economic sustainability of society. As a result the subject of energy has become increasingly contentious with 

current energy prices and the strict emissions targets for the future [20]. An overview of CO2 emissions 

distribution from fossil fuels by end use sector  given by the Pew Center on Global Climate Change shows that 

the commercial buildings contribute 17% compared to 21% for the residential buildings, see Figure 1 [29]. 

    

 
 
a Excludes emissions from biomass energy consumption.    b Emissions from energy consumption in the electric power sector are 
allocated to the end-use sectors in proportion to each sector’s share of total electricity retail sales [29].  
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Figure 1. A. CO2 emissions distribution from fossil fuels by end use sector,  B. Carbon Dioxide Emissions From 

Energy Consumption by Sector (Million Metric Tons of Carbon Dioxide)[29] 

 

Offices have a relatively high energy consumption: offices use in total around 1420 MJ/m
2
 compared to around 

880 MJ/m
2
 for households in the Netherlands, see Figure 2.A [21]. In the Netherlands the office buildings use in 

total around 225 PJ/year, compared to around 370 PJ/year for households, see Figure 2.B [98].  

   

Figure 2A. The average energy use per m
2 

for offices and for households between 2004-2010 [21] and 2B. The 

total energy use for offices and for households [98]. 

 

So overall the energy use of offices is around 60% of the total energy use of the households, so quite substantial.     

The energy consumption of office buildings are increasing slightly, see Figure 1.b, despite the 2020 targets set 

by the EU, which call for a 20% reduction in energy use by the year 2020 [28, 98]. Therefor methods are 

necessary to reduce the energy consumption of office buildings not only for the new built offices but especially 

for the existing buildings. Besides deep renovation of buildings there are also very cost effective measures to 

reduce the energy consumption by optimizing the functioning of the Lighting, Heating, Ventilation and Air 

conditioning (LHVAC) system. The control have become more and more advanced and the process control 

systems evolved from Building Management Systems (BMS) towards Building Energy management Systems 

(BEMS). These BEMS offer different possibilities to monitor and optimize the LHVAC systems and thus reduce 

the energy consumption. The latest trend are model based control BEMS.  Due to the highly non-linear and 

varied nature in local environments, statistical methods based on historical data and regression analysis are used 

to predict energy consumption. Making a precise energy model to predict the real building’s energy use is 

difficult because of the assumptions and evaluations that have to be made during the modelling process [45]. 

Polynomial approximations with their non-linear mapping capability can partially address requirements of the 

bottom-up context. Recently, Computational Intelligence (CI) has been extensively investigated in many 

domains and is becoming a proven means for forecasting renewable energy production and energy consumption.    

Due to the complexity of the problem a large number of approaches have been proposed [126]: Engineering 

methods; Statistical methods; Neural networks; Support vector machine and Grey models [112]. Artificial 

Neural Network (ANN) is a popular CI technique, which is able to map any non-linear function. A properly 

trained ANN-based short-term forecasting tool is able to achieve very accurate approximations of the mapping of 

stochastic data.  Learning techniques of CI can enrich local information that is highly uncertain due to end-user’s 

behaviors and stochastic due to increasing on-site RES and DER units [3, 114].  Use of each model to predict the 

building’s energy use has its advantages and disadvantages, therefore it is difficult to say which to apply it 

depends on the specific circumstances [126]. 

 

Electricity is traditionally generated in large central plants and distributed throughout the country. However, the 

last decades has seen the beginning of some change in this trend. More and more decentralized electricity 

production is now achieved using wind turbines, geothermal heat pumps and photovoltaic systems. Further 

changes of the whole distribution system is slowly expected from a strictly top down one to a more bottom-up 

system; this will be capped by ability of the user to supply electricity to the distribution grid on different levels, 

see Figure 3.  
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 Figure 3. Change from a top-down electricity supply grid to a system with bottom-up supply possibilities.     

 

The built environment is currently a major consumer of fossil energy, but it also has huge potential to contribute 

to the supply and management of renewable energy. Large-scale integration of Renewable Energy Sources 

(RES), being widely dispersed and of a highly stochastic nature, challenges the current power system in 

balancing power supply and demand at all times. The stochastic nature of renewable production and its negative 

impact on system balancing is depicted in Figure 4 [108]. 

 
Figure 4. Impact of renewable production on the average imbalance [108]. 

  

Fluctuations of demand as well as in the supply of RES might result in instability of the supply system in 

specific situations of electricity production, as the electrical grid has essentially no storage [76]. Current grid 

management is facilitated by increasing or decreasing power generation based on behaviour of the power 

demand. With the expected increase of renewable generated energy in the total generated energy mix, which has 

stochastic behaviour, the management of the grid will possibly change in future. The local generated energy may 

be used to correct the mismatch between demand and supply resulting in the desired increase of buffer capacity 

[99]. Mostly in the situation of heat, this is less of a problem compared to the electrical energy generated. In 

most cases the surplus in electrical generated energy is fed back to the grid. This development introduces a new 
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challenge for the grid, namely, possible changing energy flow direction at lower grid levels due to the feed in of 

renewable generated electrical energy [103].  

 

Slootweg [103] predict increase of active loads, which can participate in the energy management and possibly 

react on grid requests or economic stimulations. For example: micro Combined Heat and Power (µCHP), 

Electrical-Vehicles, Heat Pumps, and others, compared to the passive loads connected to the grid can be a 

solution for futures grid management. Active loads can request or in some cases even deliver energy to the grid 

and schedule their demand or even change their characteristics online. In order to stimulate their use an active 

load has to result in an economic compensation. A classic example of economic stimulation is the double tariff 

structure (off peak versus peak), evoking households to shift their energy use to economic stimulated period 

which is the most convenient period for the grid.   

The mix of connected active and passive loads will keep changing in future just like the mix of electricity 

generators. The Smart Grid (SG) is suggested to be the solution to all of these possible challenges managing 

electrical energy production, distribution, buffering, and consumption matching supply and demand making use 

of the available system flexibilities [103]. A Smart Grid is a representation of an ensemble of solutions to the 

challenges faced by energy supply and demand. Grids management, control, voltage management, power 

quality, and the need to modify the system security will change due to all mentioned developments. New policies 

and contracting with flexible tariff structures are possibilities which are being investigated [107]. One of the 

approaches to achieve ‘smartness’ is improving the demand-side management of energy.    

The SG incorporates current physical electrical grid infrastructure integrated with Information and 

Communications Technology (ICT) in grid components, and a communication network to enable energy 

management [115]. The real ‘Smartness’ of the SG can be described as the integration of multiple functionalities 

to guarantee properties such as reliability, availability, stability, controllability, and security, whilst also realising 

overall system optimisation. Functionalities boil down to energy management making use of the flexibilities of 

all grid connected which will lead to a better balanced and controlled network at all levels [1, 23, 74, 75].   

Research by Slootweg [103] and Hommelberg [46] indicate that the participation of the end users in grid 

management makes it necessary to look detailed at the possible flexibility of the energy source and energy use 

[67]. This makes designing of and the controlling of necessary energy infrastructures more complex. It requires a 

more flexible approach in the design process of energy infrastructures that is increasingly bottom up rather than 

top down, see Figure 3, as the building’s energy demands becomes more important.     

 

To reduce the energy demand of the built environment new design strategies are employed to strive towards net 

Zero Energy or nearly Zero Energy buildings. However, analysis of the nearly 400 projects uploaded to the 

CarbonBuzz database [57] demonstrates that, on average, most buildings consume 1.5 and 2.5 times more energy 

than that of the declared design stage calculations. In the case of offices this anomaly largely arises from 

increased electrical energy use [57]. The number of occupants, the type of activities and their general behaviour 

in buildings have a significant effect on energy consumption [86]. Various authors and researcher have through  

simulations [69, 85] and field experiments [2, 26] demonstrated the energy saving potentials of tracking and 

localizing occupants in thermal zones within commercial office buildings. Li et al [69] demonstrated that energy 

can be improved if  Building Services systems, LHVAC, are operated by BEMS using actual building occupancy 

information. However building occupancy is stochastic and difficult to simply determine solely based on 

building function and type. There are high tendencies for a buildings usage to change with time and as a result 

occupants  might over time display varying patterns of presence [78]. 

Buildings, building services systems and energy infrastructure must be designed so that uses of the building 

other than those intended by occupants should not result in great variations of the energy consumption or indoor 

environmental conditions. Also fluctuations in the supply of renewable energy should be dampened by a 

flexibility of the energy demand. To achieve all this the international state-of-the-art of building design should 

include the following specific aspects: 

1. Optimizing energy management of a building by using decentralized energy storage possibilities within an 

intelligent building. These energy storage possibilities will be based on energetic behaviour of the building 

and the individual behaviour of occupants, and will be controlled by a multi-agents system  

2. Using decentralized energy storage and energy supply control of the energy infrastructure within a building 

(nano Grid) and the energy infrastructure around the building (micro Grid)  

3. Enabling extended management on nano Grid level and micro Grid level 

4. Developing functional process software modules to be tested on an open source multi-agent platform of the 

Process Control system concept as functional modules for Building Energy Management System for optimal 

use of energy storage   
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This paper presents an integral approach to optimize the interaction between buildings and their energy 

infrastructure.   Especially is the focus on the consequences for the Smart Grid. It gives a theoretical framework 

and uses a test-case building to give more depth insight by testing and validation of the proposed approach.     

New integral approaches are needed to not only reduce the energy demand of existing buildings in the built 

environment but also increase the flexibility of energy producing buildings towards the Smart Grid.   

METHODOLOGY  

 

System approach: Integral approach and Open Building concept 

With the increasing complexity of technical systems a unified principle for the study of complex systems became 

necessary. General systems theory [14] conceived by Ludwig von Bertalanffy in the 1940s provided a systematic 

framework for describing general relationships in the natural and the human-made world. Bertalanffy [11] saw it 

as a theoretical and methodological program, aimed at seeking principles common to systems in general that may 

allow scientists and researchers to think more clearly about the goals of any possible system and about the 

methods for reaching them. General systems theory is useful for conceptualizing phenomena which did not lend 

themselves to explanation by mechanistic reductionism of classic science.  One approach to a supportive orderly 

framework is the structuring of a hierarchy of levels of complexity for basic elements in the various fields of 

inquiry. A hierarchy of levels can lead to a systematic approach to systems that has broad application and was 

formulated by Boulding [16]. 

To optimize the energy infrastructure in the built environment, an integral approach based on the general systems 

theory developed by von Bertalanffy is proposed [100, 121]. This method uses hierarchical functional 

decomposition and division into different levels of abstraction to cope with the complexity of the energy 

infrastructure of the built environment and its different functions: 

 built environment (energy distribution networks on utility level) 

 building level (possible energy supply from microGrid, nanoGrid and RES),  

 floor level (energy distribution throughout the whole building) 

 room level (energy need depends on outside environmental conditions and external heat load, focus on 

the energy exchange at the facade),  

 workplace level (workplace conditions, internal heat load and energy needs from appliances), and  

 user level (different thermal comfort and indoor air quality needs of individuals [7, 47, 51]  

. 
 
The decomposition of built environment is done based on functionality needed for each level.  This is carried out 

hierarchically so that the energy infrastructure structure of the built environment is partitioned into sets of 

interrelated functions of manageable sized subsystems. For example the Smart Grid on the built environment 

level, the microGrid on building level and the nanoGrid on floor or room level. The integral design approach 

with its functional hierarchical decomposition to cope with complexity and necessary flexibility is similar to the 

open building concept developed by Habraken [40]. Which approached the built environment as a constantly 

changing product caused by human activity, with the central features of the environment resulting from decisions 

made at various levels. This is also typically the case with the energy infrastructure of the built environmenT     

Open building entailed the idea that the need for change at a lower level such as the dwelling, emerged faster 

than at upper levels, such as the support. The “thinking in levels” approach of Open Building was introduced to 

improve the decision making process by structuring them at different levels of abstraction. Different decisions 

have to be taken at each level in the energy infrastructure of the built environment.  One of those decisions is the 

application of sustainable energy systems and components. During the life cycle of the built environment 

stakeholders make decisions which consequently (re)structure several levels of the energy infrastructure: the 

support-level (Smart Grid/city structure); the infill-level (nanoGrid /neighborhood); and the tissue-level 

(nanoGrid/ building). On each level a balance has to be made between the performances of supply and demand 

of energy for buildings. Open Building lends formal structure to traditionally and inherent levels of 

environmental decision making [55] see Figure 5. The principle tool used by those working in an open building 

way is the organization of the process of designing and building on environmental or functional levels.   

 

 

http://en.wikipedia.org/wiki/Ludwig_von_Bertalanffy
http://en.wikipedia.org/wiki/Reductionism


 

6   

 

 

Figure 5. Decision-Making Levels in Open Building Diagram by Age van Randen [54]. 

 

The Living Building Concept (LBC) by de Ridder [95] proposes the change from demand-driven supply to 

supply-driven demand. The term ‘living’ refers to the life cycle approach which is incorporated in this concept 

and is often referred to as ‘Darwinism’: the structure of buildings is the same every project, but by changing one 

element per iteration, the effect of a certain development can be evaluated and the building will evolve over timE  

The consequence of LBC is that the role of the designer is reduced to an integrator whose task is to fit the 

offered solution systems of the producers to the asked functions by making new and surprising combinations / 

optimizations [95, 96]. LEGOlization is the strategy to implement the LBC [94]. Based on the client situation 

specific buildings are created with the use of standardized and industrially manufactured elements. These are the 

“LEGO”-blocks. High potential for the development of these blocks is seen in ICT-integration BIM (Building 

Information Model) approach. The strategy of LEGOlization resulted in a tool meant for the optimal technical 

assembly of buildings anticipating on cyclic processes of change during the live time of a building [94]. 

Another approach is the ‘slimbuilding’ approach by Lichtenberg [72, 73], basic ideas based on the translation of 

‘slimbouwen’ which in Dutch means both ‘smart’ and ‘slim’ building. The ‘slimbuilding’ approach is based on 

construction processes that dictate separation of building services (energy infrastructure) from the building 

structure. The essence of this approach is to take care that building services can be mounted and removed from 

the building without interfering with other construction disciplines. This way the sequential construction process 

with a limited number of sub-activities can be reached, instead of a traditional parallel construction process 

characterized by a high rate of interdependent activities. It is interesting to note a difference between design and 

construction processes. Where during design efforts are focused on changing the sequential nature of design 

activities in current practice, at ‘slimbuilding’ one encounters just the opposite in case of construction.    

Although the ‘slimbuilding’ approach mainly concerns building construction, the type of design solution is 

largely predetermined: industrial, flexible and reusable (slim) modulated structures where building services are 

separated from building structure.  

In the ‘Living Building Concept’, as well as the ‘slimbuilding’ approach the demands and resulting functions are 

leading as well as a structures abstract approach to the building design process and a separation of building and 

building services (energy infrastructure). All this is very closed related to the basic ideas of Open Building 

design which is even more abstract.  Applying the principles of Open Building design to the optimization of the 

energy infrastructure of a building makes it possible to integrate in a flexible way the energy flows connected to 

heating, cooling, ventilation, lighting, and power demand, within a building and between buildings and the 

external built environment.  This leads to flexibility of energy exchange between different energy requirements 

and sustainable energy supply on the different levels of abstraction in the built environment. There is a close 

similarity between the highly abstract approach of Integral Design with the hierarchical abstraction used within 

Open Building, see Figure  6. 
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Figure 6. Comparison hierarchical abstraction Open Building and Integral Design approach.     

 

 

Building Energy Management Systems 

The process control infrastructure within office buildings is handled by Building Energy Management Systems 

(BEMS) derived from Building Management Systems (BMS) also known as Building Automation Systems 

(BAS). These systems control the HVAC systems to facilitate building operation and evolved over time with the 

addition of more and more systems, functionalities, and requirements. BMS with energy use reduction during 

life time as an extra goal, turned into Building Energy Management Systems (BEMS) [18, 42]. The main goal of 

the BEMS is to fulfil the occupant comfort requirements while reducing energy consumption during building 

operations [117]. However, the real behaviour of the occupants are not included in the process control.    

Traditional Building Energy Management Systems (BEMS) lack real time input of dynamic factors including 

occupancy, occupant preference, occupant actions, uses of appliances among others. Even with all of this new 

information, current BEMS still lack intelligent reasoning to optimize process control based on such dynamic 

and distributed input [59]. These limitations were observed [50,118]: non consideration of individual end-user’s 

consumption behaviour and difficulty in integration of user behaviour into advanced autonomous and 

decentralized control technologies. Macek et al [77] present their energy management system ENERsip and 

discuss the role of metadata during design and practical application. The aim of the designed application is to 

support decision making in the area of local neighbourhood energy networks through near real-time optimization 

of generation and consumption matching in buildings and neighbourhoods. An integral approach is applied to 

look for synergetic effects within the building as well as outside of the building, by researching energy needs 

upwards from the (thermal) comfort based energy need to the total energy generation and distribution of an 

office building. Economic innovations (business models, arrangements and transactions) are needed to motivate 

the owner and users of office buildings to bring forth the flexibility offered in principle by BEMS. This 

flexibility is presently hindered by the fact that most manufacturers of BEMS systems tend not to embrace open 

source gateways and instead lean toward unique platforms which seem almost to be designed not to be fully 

comparable with generic software packages and tool sets. However, the fast development within the ICT domain 

makes that new players like Microsoft will open up this domain and new software platform will offer the in 

principle available flexibility.    

As mentioned by Bloem and Strachan [15] a top-down approach could give the boundaries for energy 

consumption related to occupancy behaviour, this makes it important to include the top down approach in the 

combinative solution. Identifying the specific building energy consumption from available measured data could 

support the optimization of energy balancing. In the longer term, bottom-up research should give more insight in 

important aspects related to occupancy behaviour in a wider urban related energy consumption context 

(including transport, living-work relationships) [15]. There is a different focus on the processes within different 

timescales that occur in the building, which also depends on the strategy that is leading: bottom-up (user 

orientated/ nanoGrid), middle out (building orientated/ microGrid) and top-down (city oriented/ Smart Grid).  
 
Important for energy efficient operation of energy storage facilities, like aquifer systems, is long term 

optimization on different scales of hours, days, months and years. The use for of example free cooling can help 

in energy efficient operation, over a period of hours: during the night cool outside air can be used to cool down 

the thermal mass of a building, which results during daytime in a reduced cooling load. So clearly, there are 
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different time scales in the built environment where the energy storage processes takes place as shown in Figure     

7 [89] Processes which fall in a particular time frame needs to be optimized over a specific time domain.     

 
Figure 7. Timescales for optimizing different aspects in the built environment [89]. 

 

The potential of energy usage flexibility in the built environment can be realized by forecasting energy demand, 

taking into account boundaries of material constraints, weather conditions, appliances, occupants and their 

behaviour as well as internal gains. Forecasting methods developed for building energy demand are generally 

top-down approaches which estimate the long-term total energy consumption through macroeconomic 

indicators, energy price and general climate. A bottom-up approach that is able to estimate the individual energy 

consumption and then aggregate it to predict the total building energy demand is highly desirable. However, 

such bottom-up approaches have difficulty in sufficiently addressing impact factor. This could be attributed to 

challenges as a result of end-user’s behaviours in the different dimensions of time, space, and geography.     

 

Smart Grids  

In Europe there are a large number of on-going research projects on smart electricity distribution network 

solutions and ICT systems for energy efficiency. An overview of the lessons learned and current developments 

can be found in the GeSI reports  [34, 35] and Giordano et al [36, 37]. The main focus in the majority of these 

projects is on the combination of physical and virtual energy storage capacity in and around buildings in an 

attempt to stabilize the Smart Grid. However, these projects still largely take an electrical engineering or 

mathematical perspective and use very simple models for the building services installations, or are limited to 

electricity generators like (µ)CHP units with some basic loads like cold storage, heat pumps or boilers as in the 

CRISP project  or Power Matcher project in Hoogkerk [63].  

The energy demand characteristics of buildings available in Building Automation Systems represent crucial 

information for grid optimisation [115]. The shift towards smart electrical grid cannot ignore connected 

buildings. This implies active participation of buildings in the grid. Energy management in the Micro Grid 

depends highly on the energy management inside the buildings, called Nano-Grid, belonging to the Micro GriD   

The Nano-Grids can be seen as the network and consuming systems in the building managed by the BEMS.     

 

Smart Grid and BEMS 

For an optimal SG from a system of systems point of view, the BEMS has to be coupled with the management 

platform of the grid [23]. The control of loads in the building, may also be a resource to the grid using the 

flexibilities in service of the grid [17]. However, these flexibilities remain largely undefined with respect to 

interactions with the power grid. Also, the development of the SG is still at an early stage and some parameters 

are yet to be fully defined with respect to interactions with SG.     

With the development of a communication platform between the BEMS and Grid Energy Management System 

(GEMS) both systems get more interconnected and thus more dependent on each other. The present choices 

made in energy management have the capacity to, affect future choices [17]. 

For the built environment now is the chance to prepare for the coming SG. New strategies of energy 

management, building management, and comfort management have to be developed to anticipate on the coming 

possible changes on Demand Response (DR) and demand side management by load control. The function-

oriented strategy of an Integral design allows the complexity levels of various Smart Energy Systems to be 

separately discussed and, subsequently, (sub) solutions for energy storage to be generated.   This allows flexible 

integration of energy flows connected to heating, cooling, ventilation, lighting and power demand, within a 

building, between buildings as well as in the wider built environment. This leads to flexibility of energy 

exchange between different energy demands and (sustainable) energy supply on different levels in the built 

environment.      
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DESCRIPTION OF THE PROPOSED SOLUTION 

 

Instability of the electrical grid due to the supply issues as well as due to the unreliable predictability of specific 

types of RES, might lead to black-outs with enormous social and economic effects.  Groups of buildings in the 

form of a Local Virtual Power Plant (LVPP) could reduce uncertainty within energy management and process 

control in a distributed but coordinated manner and on a critical scale, thereby addressing supply and demand 

balancing concerns. Flexibility in the system help user to adjust the demand profile as it is required from the 

electricity market [33]. Flexibility in the energy use by the buildings is provided under demand side management 

and demand response concepts. In a LVPP, demand side management (DSM) plays a key role in dealing with 

balancing problem. Therefore, it is necessary to implement BEMSs that perform under real time dynamics to 

adjust energy use; thereby, integrate building into balancing market in LVPP. Several stochastic models were 

introduced to better predict energy demand and generation, however, so far it is not possible to completely avoid 

imbalances as a result of uncertainties in the system [53, 104, 113]. Charging and discharging capabilities of 

recently added devices can assist to deal with fluctuations from energy generation from renewable sources [124]. 

The extent of flexibility vary depending on the number and characteristics of elements (shiftable  loads, on-site 

generation etc.) in the system.    

The LVPP owner (also called aggregator) can employ storage devices or may decrease the consumption at 

specific period of time by postponing or turning down the operation of devices with respect to comfort limits 

[32].  The aggregator can achieve more stable and reliable power supply by adding flexibility at high level of 

power by simultaneously employing non-dispatchable as well as dispatchable sources and storage devices.  The 

owner of RES can get higher economic value for his energy generation by joining LVPP [106].  It is significant 

for aggregators to predict both demand and generation side in LVPP to develop reliable market bidding strategy 

[43] between predicted and actual energy result in profit losses [88, 106]. As a result, the integration of large 

scale renewable resources has led to switch the organization of power supply from top-down to down-top 

manner in order to gain full economic benefit of distributed energy resources. As part of this effort, there has 

been an opportunity to optimize the energy flow in residential and commercial buildings by treating each 

building as an active participant under building energy management systems (BEMSs), thus can be offered to 

VPP [62, 87] the power of prediction incentivizing production at the right time and place.   

Since traditional BEMS lack intelligent reasoning to optimize process control [58], multi-agent system 

technology will be used in addition in order to cope with all of the dynamic influences, internal as well as 

external, on building’s in  LVPPs.  They can participate in the energy balancing market by employing the 

available RES units, storage devices and controllable loads (heating, cooling, ventilation, lighting and power 

demand) on different time scales [89]. These modular and scalable LVPPs can be clustered into Regional or even 

Large Scale Virtual Power Plants (RVPP or LSVPP), see Figure 8 [30] and Figure 9 [31].  

  
Figure 8. Modular LVPP system [30] and Figure 9. Scalable design of LVPP system [31]. 

 

The insights gained from the modelling of the energy demands on the different levels of a building and its 

surroundings lead to a concept for the monitoring and management of the energy flows in the nanoGrid in a 
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more detailed and accurate way. The viability of these solutions was investigated and demonstrated in a real 

office situations. First, simple representations of the process were made to look into the interrelations between 

the different levels within a building system, with a specific focus on the Smart Grid and nanoGrid: 

- building level (energy supply from the Smart Grid, needed flexibility in demand by the Smart Grid) , 

- room level (energy exchange depending on the outside environmental conditions and internal heat load),  

- workplace level (workplace conditions and energy need from appliances),  

- user level (defining the different comfort needs of individuals and the resulting energy demands). 

 

For the information exchange between building and Smart Grid a middle-out approach was chosen using a 

BEMS: from the interface towards the SG and towards the BEMS. This focuses on the communication and 

interaction between the SG and the BEMS. However, also deals with the actual comfort and energy demands of 

the user and optimization of the energy flows. In the process the user has the leading role by setting the desired 

inside climate conditions. The energy demand of buildings is related to the physics of the building, the 

environmental climate, and significantly to the specific control scenario for indoor environment and building 

operations. According to Martani et al [80] there have been no attempts to develop a general model predicting the 

probability of switching on or off the range of HVAC equipment, together with occupants’ desired set point 

temperature, and how these choices depend on the range of key environmental stimuli. An aggregated model was 

developed by Zhang et al [125] developed for a population of air conditioning loads. The model effectively 

includes statistical information of the load population and systematically deals with load heterogeneitY    Based 

on this model, a novel aggregated control strategy was designed for the load population under realistic 

conditions, however only simulations were done and no measurements for verification. In addition, user's 

preferences are considered as a vital factor in deriving the appropriate control strategy [117].  

The building systems control strategy relies on code defined occupant comfort ranges [59] and operate 

according to fixed schedules and a constant occupancy. This is inefficient in their energy usage for maintaining 

occupant comfort as they do not in-cooperate the effects of real occupant behavior. Once a good model is 

obtained, many well established control methods can be directly applied to regulate the aggregated power 

response. Examples include according to Zhang [125] open-loop control [102], Model Predictive Control [60], 

Lyapunov based control [10], or simple inverse control [81] that computes the control action so that the predicted 

output matches the given reference signal. However, all the aforementioned approaches have several limitations 

that need to be addressed for realistic demand response applications [125]. Li et al [69] identifies a number of 

control strategies based on accurate building occupancy: 

 

• Lowering and reducing temperature in unoccupied areas during winter and summer periods respectively 

leads to overall building energy reductions [123]; 

• Maintaining lower ventilation rates in unoccupied areas; leading to less ventilation losses and building 

energy needed; 

• Supplying airflow based on occupancy; demand based dynamic airflows could achieve 15% to 56% 

reduction of ventilation energy [105, 118]; 

• Responding to dynamic heat loads on a timely manner; if a change of the occupancy is detected in real 

time, associated changes of internal heat loads can be calculated, HVAC systems can respond to these 

changes immediately, before the temperature varies to an extent that is detectable by thermostats.     

 

The energy demand characteristics of buildings available in Building Automation Systems represent crucial 

information for grid optimization [115] to activate participation of buildings in the grid. For an optimal SG from 

a system of systems point of view, the BEMS has to be coupled with the management platform of the grid [23]. 

Compared to the traditional approach of Smart Meters and BMS, the SG-BEMS has clearly different control 

functions for the interactions between building & Smart Grid, see Figure 10.  
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Figure 10. Control functions Smart Meter, SG-BEMS and BMS 

 

A proof of concept experiment at an office building in the Netherlands was performed. In this experiment, the 

building’s HVAC-installations was flexibly operated to determine possible energy advantages of BEMS 

strategies, especially flexibility of energy demand on user/room and building level, in smart grid scenarios. The 

results of this experiment are used here to illustrate the possibilities in the built environment for LVPP.   

 

The Case Study 

The case study was conducted on an office building with a floor area of approximately 1500 m² with over 40 

occupancy population. The operation schedule between: 7:00 h and 18:00 h for 5 working days of the week. The 

building was fitted with air handling unit (of 15.000 m³/hour ventilation capacity), heat recovery wheel (no 

recirculation of air), central cooling system functionally divided into three cooling zones, a gas fired boiler for 

hydrophonic heating arranged into 2 zones and an electrical steam humidifier (see Figure 11).  

          
Figure 11. The electrical connections from Mid Voltage grid to building and its major electricity consumers.     

 

In the experiment, room conditions were monitored for offices on the first floor as operational settings were 

adjusted. The HVAC control unit, controls the building systems by sending the control signals, supplies the 

electrical power to the fans and pumps, and facilitates the communication signals to the BEMS and all connected 

components. In order to evaluate the characteristics of the energy use of the installed systems measurements were 

done. All energy use profiles together form the total energy use profile as presented in Figure 12.  
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Figure  12. Total energy use profiles stacked by date [109]. 

 

 

Continuous main base load of the office building was about 4 kWh/h; this is represented by 'A' in Figure 11. 

The maximum power use measured by the main connections I + II during the project was 36 kWh/h, this is 

represented by 'B' in Figure 12. The main energy use profile during the day looks quite stable (see profile C) 

while some profiles of appliances can be clearly seen in the total profile. Profile D represents the early start 

scenarios for the Chiller. The Energy use profiles of the Chiller are also clearly visible (E) in Figure 12. 
 
Electrical steam humidifier 
During wintertime the biggest controllable electrical energy user is the Air Handling Unit with its steam 
humidifier of maximum 30 kW   The actual power usage is usually lower than the maximum rated power as it 
can be decreased by changing the set point in the connected BEMS,  dependent on the out- and indoor conditions 
the power consumption reduces from usually 6 – 20 kW   This could be applied as service for a future Smart-
Grid, as an active load. In an experiment, short time interval energy savings from the steam humidifier were 
determined during winter time, as well as the resulting comfort conditions.     

    

Figure  13. Air Handling Unit and steam pipe 

 

 

The humidifier power reduction experiment took place at Friday, 20th of December 2013. Roof temperature and 

relative humidity measurements are shown in Figure 13. RH starts in the morning at 100% and begins declining 

from 10:45 h. The lowest measured RH is 76.8 % at 15:15 h. The outdoor temperature at start experiment is 5.2 

˚C and increases to 8.8 ˚C, see Figure 14. 
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Figure 14.  Roof measurements 20 December, black dashed are interval times I,II and III 

From the meteorological data at the roof the absolute humidity content (mixing ratio) can be derived. The 

absolute humidity content in the outside air is increasing till 10:45 h and then slightly decreasing till the end of 

the experiment day (lowest dashed line). The humidifier normally starts at 7 in the morning and  the peak power 

consumption when starting is 27 kW   The indoor absolute humidity at the AHU (steam humidifier) is during 

normal operations set at 8.0 gr moisture/kg air. The following experiment schedule was set-up to see the 

possibilities for reducing the applied power, see Table 1. 

Table 1: Steam humidifier reduction experiment   

Interval time: Duration Exact moments Humidifier 

Interval time I 15 minutes  9.57 – 10.14 reduction 25% setpoint 

Return to normal setpoint 60 minutes 10.14 – 11.14  

Interval time II 30 minutes 11.14 – 11.45  reduction 25% set point 

Return to normal setpoint 60 minutes 11:45 – 12:45   

Interval time III 60 minutes 12:45 – 13:45  reduction 25% set point 

Total experimental period: 3 hours and 45 minutes   

Between these intervals there is at least 1 hour ‘normal set point’. 

The results in room B are represented in Figure 15 and show that an extra amount of vapor is needed to fulfill the 

demand since the absolute humidity ranges from 5.0 gr moisture/kg air at 9:15 h and peaks at 5.8 gr moisture/kg 

air at 10:45 h (lowest dashed line). During interval time I, II and III, see Table 1, the absolute humidity set point 

is decreased to 6.0 gr/kg, a reduction of 25 %.  

 
 

 

Figure 15. Room B: relative humidity and power measurements (blue line smoothed with 15 min. median filter)  
 

 

Table 2. Humidifier power reduction at interval times: 

 Power reduction humidifier Lowest supplied RH 6.0 gr/kg Lowest indoor RH 

Interval time I - 14 kW 37 % 45 % 

Interval time II - 9 kW after 5 minutes 

- 14 kW after 25 minutes 

37.5 – 34.3 % 41.5 % 

Interval time III - 12 kW 37.5 % 41.6 % 

 

II I III 
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The relative humidity (RH) stayed in all 3 intervals within comfort boundary conditions (RH min is 30 %). To 

prevent power peaks after interval times it’s important to set the humidifier not below the minimum supply 

capacity. From the humidifier power reduction experiment it is concluded that energy can be saved within set 

comfort boundary conditions.      

AGENTS  OF THE PAST AND FUTURE 

Buildings are complex systems involving several forms of interactions with systems, sub-systems, components 

and users [24]. Commissioning is important to achieve a good functioning building     ASHRAE standard 202-

2013[6] and CIBSE commissioning code M 2003[19] describes how to plan, conduct, and document this vital 

part of a successful project. Informative appendices provide sample documentation, including checklists, systems 

manual, reports, training plan, and more.  However, in addressing the limitations of traditional BMS to provide 

the possible flexibility towards the Smart Grid, a number of strategies based on artificial intelligence techniques 

were developed and implemented in BEMS systems of both existing and new buildings [22, 38, 41, 84]. 

Resulting in improvements in occupant’s comfort  and buildings energy consumption over traditional controls 

used in BEMS systems [5, 27, 70]. However, due to the complexity often involved in implementing these 

systems in buildings, the building industry has been slow to adopt these advanced control strategies [22]. On the 

other hand however, there is a growing interest in design of BEMS systems based on the  multi-agent (MAS) 

paradigm [27, 58]. This is mainly due to their decentralized, reasoning, autonomous and much easier re-

configurative capabilities of MAS. The  modular, decentralised, changeable and problem solving capabilities of 

MAS provides a much more flexible coordination of building systems, sub-systems, and improved user 

interactions in buildings [58, 111]. They have been used in a number of applications requiring distributed 

intelligent control and decision making as well as applications with high level of behavioural uncertainty [ 4, 61, 

116]. 

Usually, multi-agent systems used in buildings for improving comfort and energy efficiency are designed using a 

layered hierarchy architecture based on either a market–based coordination mechanism [9, 122]. MAS 

coordination mechanism based on market-oriented algorithms provide a framework for distributed decision 

making and control based on the microeconomics theory [120]. Market-based mechanisms distribute planning 

required for task allocation mainly through an auction process and communication between agents in the system 

is limited to bids and price signals. Non-market based agent coordination mechanism on the other hand, depend 

on multi-objective functions developed from learning, bio-inspired, genetic and evolutionary algorithms as 

described in [39, 66, 68]. the performance advantages of designing multi-agent systems using market-based 

coordination has been quantified [116], its use in building for energy and comfort management may lead to user 

dissatisfaction. This is mainly because it requires users to make a decision between cost and comfort [68].  

In improving occupants comfort and energy efficiency of buildings, agent systems based on non-market 

coordination mechanisms have been used in the design of a room thermostats [110] and to coordinate demand-

driven control of systems based on individual preference and behaviour of occupants [58, 61, 79,83]. In addition, 

agent systems based on both market and non-market based coordination mechanism have been used in 

estimating impact of various initiatives, such as integration of storage facilities, renewables-Smart 

Grid/microGird/nanoGrid), demand side management (DSM), changes to the building itself, changes in occupant 

behaviour as well as communications campaigns to encourage energy conservation in buildings [8, 71, 93, 97].  

Through the review of key studies on MAS application in buildings for comfort and energy management some 

key requirements for designing a MAS were identified and are summarized in table 3. In order of relevance, the 

main requirements for the design of a multi-agent based on behaviour and computational intelligence are: the 

agent design platform, agent communication and information infrastructure, agent architecture and structure and 

the agent, agent coordination mechanism.   

 

Table 3. Summery of key reviewed papers 
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As shown from the literature, the agent structure plays a key role in determining the information flow between agents 

in the various designs discussed. To address the needs of building users and to further improve the balance between 

energy and comfort, an agent structure is proposed comprising the following agents: building agent, zone agent, room 

agent, personal web agent and services agent, see Figure 16.  

 

Figure 16.  Proposed agent architecture 

The building agent and the room agent are represented as main agents while the other agents are represented as 

services agents. The functions of each of the agents are explained below: 

- Building agent: supervises and coordinates all the actions of all agents in the system using a dynamic rule 

base that is constantly updated. It ensures the building policies particularly regarding energy resources are 

enforced. It represents the building in the energy market using forecasted weather information and forecasted 

energy required for operating the building as provided by the zone agent 

- Zone agent: relays to and enforces the building policy provided by the building agent on the room agents.     

It also constantly updates the building agent on changes in the energy profiles of the zone being monitored.    

- Room agents: a key player in the agent structure and also necessitating its assignment as a  main agent. The 

room agent keeps track of occupants position and location in a room using information provided by the user 

agent. The room agent has to decide on the optimal means to provide user comfort considering the available 

actuator possibilities in the space and in line with the laid down building energy  
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- Services agent: provides the rooms, zones and building agents with sensor data and also sends control signals 

to the relevant actuators 

- Personal web agents: the building users main interface and connection to the  building controls.      

The choice for a multi-agent system (MAS) is motivated by the need to ensure flexibility and robustness.      

Firstly, individual agents can be assigned to be in charge of distinct subsystems (for example, based on location 

or objective).This simplifies the expansion of the monitoring and control system over time, as the introduction 

of new functionalities leaves the configuration of the existing system intact, and simply requires the addition of 

a new agent.     

 

The ICT architecture (or multi-agent algorithms for distributed optimization) could be based on different 

concepts, for example the PowerMatcher concept [44] or as smart-meter platforms as part of the Inovgrid [82] 

and FENIX project [56]. Starting from concepts such as PowerMatcher [64, 90] or HeatMatcher [91, 92], more 

refined models are used to include all functional levels of buildings and building services to make optimal use 

of all energy storage possibilities for energy balancing. Within the  project there are  different focusses on the 

processes that occur in each system, which depends on the strategy that is leading: bottom-up (user orientated), 

middle out (building services systems orientated) and top-down (Smart Grid). Based on each of these 

approaches the results and insights will be used to specify specific functionalities for the agents of the multi-

agent platform that will be used, see Figure 17: a semantic representation which is based on Kolokotsa et al 

[65] and Kofler et al [61].   

 
Figure 17. Mean functional orientation of the research (based on Kolokotsa et al [65] and Kofler et al 

[61]) 

 

Secondly, in view of the complexity and heterogeneity of the input data, it is advantageous to apply a wide range 

of modelling and learning strategies (for example, regression and time series models, as well as rule- or case-

based models). Such widely different approaches are most naturally encoded by different agents, each of which 

communicates its results to a set of supervising agents which then, based on the estimated reliability of the 

individual decisions, fuse the information to reach a final decision. It is to be expected that over time it will 

become clear that particular strategies are more successful than others. Again, this can most easily be 

accommodated in a multi-agent platform setting where agents implementing unsuccessful approaches will be 

removed or downgraded from the pool, whereas agents with excellent performance will be boosted and 

diversified. An multi-agent platform will integrate a number of flexible components including thermal storage.  

Such devices are crucial to contribute in mitigating uncertainty within the built environment and Smart Energy 

System (SES) at large.  Depending on their location, functions, and physical constraints, such devices can offer a 

certain degree of flexibility.     
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The multi-agent platform which acts as an aggregator will be a core element in the realization of the LVPP 

concept both in the built environment and in buildings. Due to the nature of the built environment, i.e. including 

different levels, zones, layers, with different physical components, the overall control system of BEMS is quite 

complex with quite different time reposes for different functions and services. Therefore, we introduced in this 

research a double control layer for the agent-aggregator platform that makes the LVPP responses with the direct 

control signal in a short time interval and with the price-based control signal in a longer time interval. The 

former depends on occupancy detection to meet a certain comfort level of end users, whereas the later aims to 

optimize the energy usage while taking into account flexibility of the built environment.     

 

DISCUSSION 

 

The Best Project Manager for a Carbon and Energy Fund project 2013’, Brian Golding, energy manager at York 

Teaching Hospital NHS Foundation Trust stated [48]:  “Energy management is simple - you buy the energy at 

the best price, make sure you’re using it well and find ways to use it better”. However, like most things often 

there is more to it. Golding emphasized that the right experience and expertise is needed as well as an significant 

upgrade to the site-wide BMS. Which enables it to control the environmental temperatures better, it improves the 

resilience of the controls so that there are not as many faults, it enables to monitor and increases the useable 

information. It changes us from being reactive to proactive.  

Energy management is the planning and implementation of all necessary measures to adequately and safely 

provide an organization with the ability to ensure [12]:  

• The most efficient use of energy 

• To reduce negative environmental impacts arising from energy consumption 

• Reduce the cost of energy supply  

• Capture and allocate charges of energy usage 

 

Energy management is management [13] and follows the four phase procedure: expectation, clarification, 

finding and decision. Energy management is a long term commitment [12]. Significant barriers are: lack of 

knowledge, information and of adequate mechanisms and processes for capturing and recording energy use.  

This is where BEMS come in and can support the energy management as well as provide additional flexibility 

and value towards the Smart Grid.    

For engineers it is interesting to look in a more abstract way to the design of the process control of the energy 

infrastructure of the built environment for a more function oriented perspective. This opens up the mind and 

enable to see new possibilities to create added value from within the building towards the Smart Grid.   By 

performing detailed measurements in operational offices new possibilities for energy demand reduction can be 

detected based on experimenting with HVAC system. By doing so they get a much better understanding about 

the critical performance indicators to optimize its performance and the possible added value towards LVPP   

The Integral approach with its function-oriented strategy of System Engineering allows the complexity levels of 

various Smart Energy Systems (Smart Grid, gas distribution network, heat- and cold infrastructures) within the 

Built Environment to be separately discussed. This allows flexible integration of energy flows connected to 

heating, cooling, ventilation, lighting and power demand, within a building as well as with the Smart Grid. This 

leads to new strategies of energy management of LVPP to be developed to anticipate on the coming possible 

changes on Demand Response (DR) and demand side management possibilities by active load control. This to 

optimize interaction between LVPP existing of buildings and the Smart Grid.   

CONCLUSIONS 

 

Concerns regarding energy costs and energy security have led to a proliferation of smart grid technologies and 

renewable energy installations, both on a distributed basis and at the utility scale. Office buildings consume 

relatively more energy than residential buildings, which explains their importance in the current research.     

Office buildings are a potential source of energy flexibility, which can be offered to the grid as a (part of a) local 

virtual power plant (LVPP). The basis is by intelligent agent supported BEMS which enables reducing 

uncertainty in the energy demands, introducing flexibility and optimizing interaction with the Smart Grid. In this 

way Information and Communications Technology (ICT) is used on top of the electric grid.   

A bottom up approach is suggested that achieves smartness by improving the flexibility of the demand-side at 

the user/room/building level in relation to the functional needs at those levels. The function-oriented strategy of 

an Integral design allows the complexity levels of various Smart Energy Systems to be separately discussed and, 

subsequently, (sub) solutions for energy storage to be generated. This allows integration of energy flows 

connected to heating, cooling, ventilation, lighting and power demand, within a building, between buildings as 

well as in the wider built environment. This leads to flexibility of energy exchange controlled by BEMS assisted 
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by Intelligent Multi Agents controlling all energy demands and (sustainable) energy supplies on different levels 

in the built environment with the following innovative aspects; 

 Dynamic energy management with the use of energy storage possibilities on different functional levels within 

buildings (nano Grid) and outside buildings (micro Grid). 

 Offices as Virtual Power Plants with active process control of their physical storage capacities, adjustable 

loads and RES to optimize their interaction with micro Grid and Smart Grid 

 Multi-agent approach to allow the system to respond in an optimized way to all the changing conditions and 

situations     

 New ways of dynamic energy management of small scale  LVPPs supported by economic models for 

nano/micro-markets    

With the combination of traditional BEMS process control and multi-agents systems, new options for energy 

optimization on different levels in the built environment. The paper presents a general design framework for: 

 Reduction of uncertainty within Smart Energy Systems by applying different types of energy flexibility and 

storage on different systems levels within the built environment, connecting energy demand and energy 

supply within offices (nano Grid) through LVPP with Smart Grid 

 BEMS at clusters of office buildings in Smart Energy System’s LVPP  and interplay between Smart Grid 

and cold, heat or gas networks on the level of offices     

In this paper, the key requirements were presented for implementing a multi-agent system to address the 

drawbacks of traditional BEMS systems for LVPP   The consideration of user information, building parameters, 

processes, weather, energy resources and their respective behaviours is undoubtedly necessary for improving  

energy efficiency and sustainability by application of RES. When exact energy behaviour of installed appliances 

and user behaviour are known, a MAS based on behaviour and computational intelligence acting on behalf of the 

user demand can more effectively control the interaction with a LVPP as part of the Smart Grid. The integral 

BEMS controlled LVPP in Smart Grid results in a more energy efficient, more sustainable and ecological 

friendly manner of operation. As such it is an demonstration of the possibilities of an integral approach for a 

complex distributed system like the energy infrastructure of the built environment starting bottom up instead of 

the traditional top-down approaches from for example ISO 5001 [52] or IS399 [101]. These recognized key 

independent energy management approaches of course can also be used so that consequently a mixed strategy 

could be used. The complex distributed energy systems of the built environment can be controlled by integral 

BEMS. These BEMS are designed using an integral design approach reducing the complexity by functional 

layers. These layer dynamically interact by Intelligent Multi Agents with the BEMS. The intelligent dynamic 

interaction, resulting from the approach here described, offers additional functional flexibility especially for the 

interaction between building and the Smart Grid. In this way RES can be optimally used and the energy flows 

optimized. Resulting in a built environment that maximizes its sustainability.    
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