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Abstract 

Current st ringent environmental legislat ions have driven energy system 

designers  towards the chal lenge of providing systems with high renewable  

energy penetrat ion without sacri f ic ing rel iabil i ty.  System designs that provide  

the best  answer to this challenge often require the combination of dif ferent  

technologies (so-called hybrid  systems).   

The aim of this  project  is to observe and exemplify how the design of a hybr id  

energy system benefits signif icant ly from the uti l isat ion of detai led s imulation 

tools , as they can cope with the volat i l ity of renewable energy suppl ies  and the 

mixing of d ifferent quality (temperature) thermal  sources with a thermal buffer ,  

common in  many hybr id  systems.   

For such, I  created a  new hybrid  system design methodology and applied it  to  

three case studies where the orig inal hybrid energy system design was produced 

by a simpli f ied energy analys is tool .  Additionally,  a performance analysis  

interface was also produced, reducing the t ime required to process and analyse  

al l  the  t ime series  data produced after each detai led s imulat ion.   

By applying the detai led simulat ion methodology to the f irst  of  the case studies ,  

a typical  res ident ial  heat pump system, it  was poss ible to observe the impact  

that the control  st rategy adopted by the user wi l l  have in the  system rel iabi l ity 

and eff iciency, factor currently ignored by the Brit ish heat  pump design 

standards.   

The outcome from applying detailed simulat ion to the case study two was an 

improved hybrid biomass and heat pump system design. The new system, unl ike 

the original design, is  able  to achieve the  performance targets defined by the 

customer. Addit ional ly, the produced design proved to be f lexible enough to 

meet  possible  future  changes  in  these  targets.   

The performance of the hybr id system original ly designed for the case study 

tree, a hybr id heat pump and solar  water heating system, was highly sensit ive to 

changes in the load prof i le.  The outcome from remodel l ing and improving such 

system through detai led simulat ion was an energy system design that reduced 

by 13% the amount of CO2  emiss ion emitted and a lso is  able to maintain  

constant  performance levels  even with considerable  changes in the load profi le.     
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1. Introduction 
 

The driving force behind the work presented in this  dissertat ion i s derived from   

the current trend seen around the wor ld towards h igher energy eff iciency in  

bui ld ings and the growth of embedded generation. This trend is driven primari ly  

from environmental legislat ion. For example, in the European Union the CO2 

emiss ions of member states must be 20% lower by 2020 compared to 1990 

levels.  Addit ionally,  at least  20% of al l  energy consumed should be produced 

from renewable resources (European Commission, 2008).  To achieve such  

target , governments across Europe are instigat ing increasingly st r ingent energy 

eff iciency legis lat ion and developing mechanisms to encourage the uptake of  

low-carbon technologies at  the smal l  and large scale. The former is part icularly  

important in the UK, where the domestic sector is  responsible for 30% of total  

energy consumpt ion with approximately 80% used for heating appl icat ions  

(BERR, 2009).  S ince 2008 all  new dwel l ings in the UK are  rated against  the  code 

for sustainable homes (Department for Communit ies  and Local Government ,  

2009) and by 2016 it  is  expected that a l l  new properties  would be  able to offset  

any carbon emission resulted from heating or cool ing. This  creates a formidable  

chal lenge to designers,  who must integrate renewable technologies and 

overcome their  weaknesses such as high capital  costs and sensit iv ity to 

environmental  (both external  and internal)  condit ions.   

System designs that provide the best answer to the challenges described above 

often require the combination of di fferent technologies (so-called hybr id  

systems) such as heat pumps and solar water heating panels sharing the hot  

water  demand of  a resident ial  bui lding or biomass boilers  connected to the  

same heat store as a combined heat and power engine. Popular hybrid systems 

frequently base themselves on bivalent configurat ions where one source has  

priority over energy supply and the second acts  as backup. Due to their lower 

sensit iv ity to environmental  condit ions ,  foss i l -fue l-driven technologies have 

typical ly  been used as back up opt ions but with more str ingent emiss ions 

targets,  as seen in the Brit ish code for  susta inable homes(Department for  

Communit ies and Local Government, 2009),  there is the need to f ind suitable  

mixes of  low and zero carbon alternatives.  Systems purely driven by low carbon 

technologies wil l  achieve signif icantly lower CO2 targets (or higher renewable  

shares)  than systems featuring a foss i l  fuelled back-up but their  successful  

implementation and use also pose a  greater engineering chal lenge to 

researchers,  manufacturers  and instal lers.   

Evidence of this  chal lenge is  provided by the fact  that  even tradit ional  hybr id  

energy systems instal led to-date have performed poorly.  For example, Hi l l  (Hil l  

et  al ,  2009) reviewed fi fty f ive gas boi ler  and solar  collector insta llat ions  

throughout the UK and observed signif icant variat ion in performance, even 

between simi lar systems. S ixty five per cent of  instal lat ions were  
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underperforming. It  was concluded that the reasons for the lack of performance 

were user behaviour and poor implementation of system control.  More often 

than not ,  the supposed back-up unit was act ing as  the primary energy source, 

supplying heat to the hot water tank even when solar radiation was st i l l  

available .   

Another example of poorly performing hybrid systems can be seen at  heat pump 

insta llat ions. These are typical ly hybrid systems where the heat pump usual ly is  

designed to meet the  base demand and a secondary heat source, such as an 

electr ic immersion heater , deals  with the  peak.  In recent tr ials  run by the  

Energy Saving Trust,  83 heat pump installat ions  were monitored around the UK 

(The Energy Savings Trust, 2010).  The results  gave ser ious cause for concern, 

indicat ing underperforming systems as result of  poor design and instal lat ion.  

The reasons for the poor performance were stated as  over-s impl if ied s izing  

methodologies and low attention g iven to the operation and control of  the  

secondary energy (back up) source (most  cases electric heaters).  The init ial  

response came from the Micro-generation Cert if icat ion Scheme (MCS) (DECC,  

2010) which reviewed the entire design methodology, defining a series of 

procedures that must be fol lowed pr ior a heat pump installat ion. One of the  

case studies presented in chapter 6 indicates that including results of dynamic 

s imulat ion and user behaviour/control  into the design strategy could have made  

the standard more robust  to a  wider  range of s ituat ions .  

F inally,  at  larger scales,  e.g.  dist rict  heating systems, the CO2 reduct ion and 

renewable share targets, as for example the ones def ined by the Edinburgh 

standards for susta inable bui ld ings (The City of Edinburgh Counci l , 2010) , are  

chal lenges for the designer. Tradit ionally, designers  have relied on large  

thermal stores to which dif ferent heat sources may be connected and operate  

fol lowing a pre-def ined schedule.  Uti l is ing low carbon energy units as one of  

the heat sources connected to th is tank may be a viable to achieve the required 

targets.  A major chal lenge lays in the fact that many design and feasib il ity study 

tools (such as  Energy Pro, T-sol , HOMER) are i l l -equipped to deal  with system 

sensit iv ity to temperature changes. Factors such as  temperatures of working 

f luids and strat if icat ion in thermal  buffering are not considered in these tools ,  

which may result  into erroneous design and poor performance.  

In the situations highlighted above, detailed dynamic modell ing of the energy  

sources and thermal buffer ing system can give more a real isti c p icture of system 

performance as i t  can cope with the volat i l i ty of renewable energy supplies  and 

the mixing of di fferent quality (temperature) thermal sources with a thermal  

buffer.    

The a im of  th is project is  therefore to develop a  methodology for the  

applicat ion of detailed energy model l ing tools  to the des ign of hybrid  systems 

featur ing renewable energy sources and then to apply th is methodology in  case  

studies featur ing low carbon energy systems at  di fferent scales.  
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Specif ic object ives are:  

•  Identi fy design modell ing requirements at  di fferent  stages of a hybrid  

energy system design process.  

•  Define a  methodology for the applicat ion of  detai led modell ing tools  to a  

low carbon hybr id  energy system design.  

•  Create tools that wil l  improve the presentat ion an assessment of detailed 

s imulat ion outputs.  

•  Apply the developed methodology and tools into three different case  

studies and highl ight how detailed model l ing contr ibuted towards their  

improvement .   

I t  is  hoped that this  project  wi l l  ass ist  in  the on-going efforts  around the wor ld  

to properly integrate s imulat ion into the design process  and improve the quality 

of  energy systems des igns.   
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2. Hybrid systems review 
The previous chapter descr ibed the drivers  behind the growth in demand for  

hybrid systems in  the UK, the poor performance of many existing systems and  

the shortcomings  in  the tools  being used in  the  des ign of such systems.  

Combining different renewable  technologies,  or even tradit ional  energy sources  

within a s ingle “hybrid” energy systems can have many benefits over mono-

source systems such as improving the  rel iabi l ity and reducing the CO2 footprint  

(Deshmukh, 2008, Erdinc, O. ,  2011) .   This  chapter wil l  overview which elements  

in technologies ut i l ised for heat ing may be improved through hybridisation and 

give examples of how they may be coupled together , highlighting the design 

chal lenges and possible consequences from inappropriate implementation. Al l  

the selected technologies feature in the current Brit ish  Micro-generations  

Cert if icate  Scheme (Microgeneration Instal lation Standard:  MCS 001,2011) .   

 

2.1 Heat pumps – Air and ground source 

Heat pumps can be a valuable addition to an energy system due their  capacity 

to turn low-grade energy into ut i l isable heat,  their  independence from fuel 

delivery or  storage, their  capacity to supply both heating and cooling demands  

and the fact  that most of  the  heat energy they supply i s renewable. Heat pumps 

effect iveness in energy system decarbonisat ion has been the focus of  a number 

of studies (Miara,  M.,  2011, Energy Savings Trust ,  2010, Delta Energy & 

Environment , 2011).   In the UK the average system seasonal  coeff icient of  

performance found was  around 1.9 for air  source  and 2 .5 for ground, 

s ignif icantly lower than expected. The main responsibil ity over such poor results  

seems to be due to designers and instal lers , unable or unaware of how to best  

control  and s ize the system (Energy Savings Trust,  2010).  

The complexi ty in the  design of heat  pump systems is related with the  fact  that  

they are sens it ive to changes in evaporator and condenser  conditions.  For  

example, the power output of most air  source heat pumps drops  considerably  

once the external a ir  temperature fal ls  be low zero (Dimplex,  2012, Heat K ing, 

2012, Kingspan, 2012).  Added to that , the  temperature at  which they supply 

heat i s a lso af fected. Tradit ional ly, to overcome such chal lenges, a second heat  

supply is included. Fai l ing to precise ly predict how the environment wil l  affect  

the balance between the amount of energy supplied by the heat pump and the 

back-up unit may result in either an undersized system, where the back-up unit  

wi l l  have a higher part icipation than expected, or an overs ized system where 

capital  cost  and system rel iabil i ty  may be affected (Lira  et.  al ,  2011).   

Ground source heat  pumps eff iciency and capacity tend to be  more constant 

throughout the year due a more stable heat source.  The down s ide tends to be  

higher design complexity and instal lat ion cost.  The f i rst  is  caused by the fact  
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that the energy source (ground) is  af fected by the load and therefore must be  

careful ly studied. Undersized boreholes may signif icantly affect  the heat pump 

eff iciency and heat capaci ty (The Energy Saving Trust, 2010).  Boreholes and  

trenches can be expensive and avai lable ground space can be a l imit ing factor.  

Hybridisat ion may ra ise the rel iabil ity  of  a ground source system by, for  

example, dumping excess heat from a second energy unit  into the ground (Cui 

et .  al , 2008 and R. Yumrutas et  Al 2001).  This wil l  improve the recovery time of  

the ground and as a result  add rel iabi l ity to the system and potential ly reduce 

the required ground area.   

As is evident from the above, heat pump systems are quite sensit ive to their  

environment , with eff iciency depending from the condit ions at both evaporator  

and condenser . Any simulation involving these systems must be able to combine 

these parameters  as the different e lements of the system start  to inf luence 

each other.   

  

2.2 Biomass boilers 

Biomass boilers are a popular a lternative to expensive oil  and LPG.  They harvest  

the energy from fuel  sources such as wood pellets or wood chips and convert  it  

into ut i l isable heat . The system efficiency, appropriate design and control  

strategy is highly dependent of the qual ity and type of the selected fuel .  For  

example, higher moisture content means lower turn-down rat io, eff iciency and 

higher part iculate  emiss ions  (Lundgren, J . ,  2004 and Demirbas,  A. ,  2005).  

Hybrid systems uti l is ing biomass boi lers  are able to achieve low CO2  emission 

levels , which is  extremely useful when a  speci fi c target must be achieved.  

Unlike technologies l ike  heat pumps or solar  water heating panels ,  biomass  

boilers are not sens it ive to the  environment, working, in theory, quite wel l  as  

an alternative to add rel iabi l i ty to a hybrid design dur ing adverse weather  

condit ions.   

Adding a second heat supply to a system where biomass boi ler  is present may 

reduce the amount of  fuel that needs to be stored, de livered and handled.  It  

can be part icularly relevant in areas where access can be restr icted dur ing 

periods of the year or storage space is l imited. Addit ional ly, depending of the  

quality of  fuel ut i l ised, the boi lers  wi l l  have l imited turn down ratio ( rat io  

between rated power  and the minimum output it  can modulate  into) (Kirk, C. ,  

2011).  In  order to reduce the energy wasted on the thermal  l in ing during the  

start-up and switch off period, cyc l ing should be avoided and a second energy 

source may be used to either supply the peak demand or the al l  of the demand 

during low energy requirement periods (such as  summer) .   
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2.3 Solar water heating 

Although seen as a s imple method to harvest  energy from solar radiat ion, solar  

water heating systems are sensit ive to a series of variables such as ambient  

temperature,  solar  radiat ion magnitude and inc idence angle ,  storage tank 

capacity and temperature, control  strategy and user behaviour (  Laughton,  

2007).  The chosen design tool  and methodology must be able to tackle these  

var iables and observe  how they correlate with the other parts of  the energy 

system. S impler  des ign tools may give indicat ive  values of  what  may be achieved 

through hybridisat ion but only detai led analysis can indicate how the system 

must be configured and controlled.  The importance of such analys is can be 

observed in the results  of  a  recent  study (Hil l  et .  al ,  2009) where, after 

surveying a series  of  s imi lar  systems (same si ze , locat ion,  type and direction) ,  

no correlat ion between instal led capacity and heat production could be  

observed. This  result  was attr ibuted to inappropriate control  strategies and 

system design, which didn’t  consider the  particulars of  each load (such as  

number  of residents  and user behaviour).    

I f  designed correctly,  solar  water heating panels  may be ut i l ised to reduce the 

total  CO2  emission of a given demand whi lst  improving the share  of renewable  

energy supplied. Addit ionally,  by combining this  kind of system with other  

energy units , such as a ground source heat pump borehole fie ld (Cui et.  al , 2008 

and R. Yumrutas et  Al  2001) or an absorpt ion chi l lers  (Helm et .  a l , 2008 and Al i  

et .  Al , 2008) , it  may be possible to give an output to the energy surplus  

resultant  from high periods of  radiation during per iods of lower heat demand, 

maximis ing the  solar  energy part icipat ion over the  load.   

 

2.4 Combined heat and power – internal 

combustion engines 

The inclusion of micro CHP engines in the feed in tar iff  program (OFGEM, 2012) 

made the ut i l isat ion of this technology in the residential  market more attract ive  

to the  end user. Care must be taken when predict ing fuel savings and optimising  

control strategy s ince both values wil l  rely in the assumed share between 

electr icity ut i l ised on site  and exported (Gräßle,  2010, Eté ,  2009).  These  

parameters  are  directly  related with electricity consumption, which, unl ike 

heat,  can vary extremely at  very short  period of  times.   

Although low CO2  emiss ion values can be achieved with a CHP engine by 

displac ing grid electr ic ity with h igh carbon content, natural  gas driven CHP 

engines don’t  count as renewable energy supply.  This  may be a problem if  a  

specif i c CO2  target must be met. Adding a renewable energy technology to the  

system may solve this problem but wi l l  require al l  the attention to detai l  

already mentioned in the previous sections. Addit ional ly, if  combined with a  
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technology that requires electr icity to run, there may be an opportunity to 

boost independence from the grid and, as a consequence, considerably reduce 

the carbon content of the energy system. This may be the case of , for example, 

a system uti l is ing a CHP engine in conjunct ion to a heat pump. Also, by s iz ing a  

CHP engine to deal only with the base demand, the period at  which it  wil l  be  

running at rated capacity is maximised, without the undes ired production of  

excess heat.   

The fact  that CHP engines do not necessari ly rely on fue l del ivery and storage 

can be seen as an opportunity to reduce the required storage and del ivery 

frequency for an energy system such as an oil  or  coal  system. It  may also add 

reliabil i ty to the system at  areas where  supply may become a problem during  

extreme weather conditions.   

 

2.5 Coupling Technologies – Energy storage 

A crit ical  element in most hybrid systems is  energy storage. Storage not only  

al lows variable demand and supply to be accommodated but also acts as  the  

coupl ing mechanism. The following section highlights  common storage and  

coupl ing strategies used in  hybrid systems.  

  

2.5.1 Connection through heat sinks or sources 

Heat sinks may be ut i l ised to connect a technology with s ignif icant energy 

surplus to a load that can extract  th is  heat at a later moment. Considerable  

energy surplus may be seen, for example ,  on an array of solar  water heating 

panels designed to supply a high share of the energy demand during low 

radiation periods (such as  winter) .  During sunnier  periods these panels  are  

l ikely to be overs ized when compared against  the demand.  To collect  most  of  

this energy through tradit ional methods, unfeasibly  large tank s izes would be  

required (Hobbi ,  2009).  Diverting the energy surplus to a heat sink, which is also 

a heat source  to a ground source  heat  pump, is  a possible solut ion. The energy 

diverted into the ground may improve i ts recovery period and reduce the 

required f ield area, which direct  impacts  into the system capita l  cost.  The 

amount of energy surplus  may also have a posit ive effect  in the  ground 

temperature,  improving the overall  system eff iciency. (R. Yumrutas et Al  2001 

and Cui  et .  a l ,  2008).     
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F igur e 1  -  Hybr id h eat in g system w ith h eat  s in k-  conf igurat ion 1  (R .  Yumrutas et  Al  

2001)  

 

 

Alternative configurat ions may discard the heat sink as  a means to couple the  

different technologies such as  the  one i l lustrated below. 

 

Figur e 2  -  Hybr id  h eat in g syst em w ith  h eat  s in k- conf igurat ion 2  (Hepbas l ib  et  A l  ,2005)  
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This  design, which a ims to improve the heat pump’s  effi ciency by direct ly,  

rais ing the temperature of the f luid through its  evaporator (Hepbasl ib et al . ,  

2005 and Guoying Xu et  al.  ,2009), wil l  st rongly re ly on an appropriate design of  

the heat store since  mismatch between periods of h igh solar  radiat ion and 

demand may result  into an ineffective hybrid system. The importance of storage 

tanks in  hybrids systems is  discussed in the  next  section.  

2.5.2 Parallel connection through heat store 

Combining two or more technologies through a common tank, as represented in  

F igure 3 , is  a popular hybrid system design found in d ifferent range of  

applicat ions  such as low carbon distr ict  heating networks (Green Watt Way,  

2012) or even simple residentia l  heat pump systems. In many cases , this  

configurat ion combines a primary energy source, usual ly expensive but  

eff icient ,  to a backup one, cheap to instal l  but expensive  to run.   

 

 

Figur e 3-  Hybr id  para l le l  heat ing syst em 

 

The chal lenge in designing this system lies  in the fact  that  d ifferent  

technologies operate  eff ic ient ly at  di fferent temperatures. For example, 

biomass boilers  expect a return temperature around 60⁰C whilst heat pumps 

eff iciency drops signif icant ly as  the f low temperature  r ises.  In many cases the  

unit  wi l l  cut -out i f  return water temperatures achieve values above 55°C. As  

made evident in one of the case studies presented later in this dissertation, 

Lo
a

d
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designer must be able  to understand and make use of  the tank strati f i cation for  

the system to operate  effect ively.  

The importance of proper understanding the interact ion between storage and  

energy supply technologies can also be seen even in s impler and more  

tradit ional  configurations. The Energy Saving Trust  (Energy Saving Trust,  2010) 

highl ighted in one of i ts  f ie ld tr ials  how electr ic immersion heaters,  intended to  

work as back-up to heat pump systems, were one of the main causes of system 

ineff iciency. In some of the studied cases,  due to a poor control  strategy, these 

units were constantly maintain ing the system at  temperatures above what  

normal  heat pumps could achieve. The result  was the immersion heaters act ing 

as  the base demand supplier , s ignif i cantly reducing overal l  system eff iciency.  

This  example is  an intuitive combination of technol ogies that most certa in ly did 

not go through a detai led s imulat ion as part  of  the design process. Unlike fossi l  

fuel  based energy sources, renewable technologies are very sensit ive to 

temperature and f low rate var iations, which if  overlooked may result  in faulty 

(or undesirable)  operation.   

Understanding how different units  operating together affect  the tank’s internal  

temperature requires a tool  able to analyse its behaviour in detail .   S imply 

counting the  amount  of energy transferred from A to B , as done by many steady 

state analysis  tool ,  isn’t enough; these tend to ignore the fact  that , for  example, 

5kWh of thermal energy creates different temperature profi les  inside the  

storage tank i f done through heat exchangers in its top or bottom, which wi l l  

have dif ferent effects  in a second energy unit  connected to it .  Select ing the  

r ight design methodology and tools  is  therefore essential .   

 The next  chapter presents evidence of poor performance in real l i fe  hybr id  

system installat ions throughout the UK and introduces a methodology that  

combines simple modell ing tools and detailed simulat ion in the design of such 

systems. This methodology is  then tested in three case studies presented at  

chapter  5.  
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3. Detailed modelling for hybrid 

system design 
The previous chapter  observed how different technologies may be combined 

together to form a hybrid  system. The benefits  of  such systems do come at  a  

cost: design complexity.  Due the inclusion of renewables , these systems tend to 

be more sensit ive  to environment condit ions than their  foss i l  fuel driven 

counter-parts.  A design tends to involve  a larger amount of inter-l inked 

parameters ,  adding complexity to the design process.  A major chal lenge lays in  

the fact  that many design and feasibil ity study tools , such as  Energy Pro (EMD 

international , 2012), HOMER (Lambert,  2006 and NREL, 2012) and RETScreen 

(Natural  Resources Canada, 2012 and Tristán,2011) , are i l l -equipped to deal  

with the now higher system sens itivity to temperature condi tions. Factors such 

as  tank temperature and strat i f icat ion are not considered in these tools  and 

may result  into erroneous design and poor system performance. Evidence of  

such is  g iven in  the next  two sect ions.  

Detai led dynamic modell ing of the energy sources and thermal  buffer ing system 

can give a more realis ti c picture of system performance as i t  can cope with the  

volat i l i ty of renewable energy supplies and the mixing of dif ferent thermal  

sources with a thermal  buffer.  A design methodology which aims to minimise  

detai led model l ing t ime requirement and yet maintain it  as part  of  the  process  

is  presented later in  this  chapter.  

3.1 The need for detailed simulation 

Different studies have analysed the cause of the poor performance observed in  

tradit ional  hybrid energy systems in the UK. The next  sect ion describes two of  

these studies and highlights how detai led model l ing could have avoided some of  

the problems identi f ied.   

3.1.1 Hybrid solar thermal system 

With 459 MW insta lled capacity, solar  thermal systems are one of  the most 

common hybrid energy systems in the UK (ESTIF,2011).  In the residential  

market,  a recent study indicated that these systems are currently under  

performing, with an astonishing 60% of surveyed propert ies achieving no more 

than 6% of potential  savings (Hi l l  et al .  2011).  By invest igat ing the causes of  

such discrepancy, the  authors observed that system control  had a s ignif icant  

impact in the observed results.  This phenomenon was also highl ighted by the  

latest  Energy Saving Trust  tr ial  report on the topic (Energy Savings Trust , 2011).  

In almost every single property, the auxil iary boiler  (most cases gas)  was  

controlled just  l i ke i t  would be if  a solar  thermal system wasn’t  present.  
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Customers and, in many cases , instal lers were not made aware of the impact  

that the control of  the energy system would have in  i ts  performance, which is  

also ignored by the current  micro-generation cert if icat ion scheme. Fol lowing its  

standards, the system design and potential  savings are defined only by panel  

orientat ion, tank s ize , number of occupants and monthly weather data. The 

importance of detai led simulat ion became clear when the same systems were 

s imulated using a detailed s imulat ion tool , able to include user/control  

behaviour in the  analysis .  The results  are shown below: 

 

Figur e 4  -  hot  wat er  sys tem ef f ici en cy  (Hi l l ,2011)  

What the s imple energy analysis  ignores is how the user behaviour (or user  

defined control)  affects  the temperature profi le  in the hot water tank.  

Unnecessary intervention of a secondary energy source wi l l  keep the tank 

temperature higher than necessary, affect ing negat ive ly the eff iciency of the  

panel , which is reduced as warmer f lu id f lows through its pipes, and also the 

capacity to store solar  energy s ince safety devices wil l  l imit  the maximum 

temperature the tank is al lowed to reach. In systems so sensitive to 

environmental changes,  the customer should be made aware about which  

assumpt ions (or expected behaviour)  were  taken into account when a given 

benef it  was calculated. Alternative ly,  manufacturers or  designer could use  

detai led s imulat ion to design a system able to minimise the effects that changes  

in the environment or even user behaviour have in its performance. By 

achieving i t , the energy savings assessment may be s impli f ied. This possibi l ity  

wi l l  be explored at  chapter 5 , as detai led energy s imulation wil l  be ut i l ised to 

improve robustness of a system that combines two very sensit ive technologies :  

Heat  pumps and solar  water heating panels .  
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3.1.2 Hybrid air source heat pump system 

Typical  resident ial  heat pump installat ions usual ly depend of a secondary 

energy source to deal with extreme weather conditions. A chal lenge that the  

designer may face is  to decide where the bivalent point  (point  where the load 

demand is  higher than the heat pump capacity)  should be. This point  af fects  the 

system in two ways : the f irst  by defining running costs, the second by def ining 

system performance during mi lder weather condit ions (Li ra ,  2011).  

 In a  tradit ional  hybr id heat  pump system, a high bivalent point  means that a  

considerable share of the total energy suppl ied comes  from an expensive energy  

source such as an electr ic immersion heater or oi l  boiler .  Moving this point  to 

very low temperatures reduces the amount of t imes that the secondary source  

operates but also means that the heat pump may become considerably 

overs ized dur ing milder weather condit ions , which affects  system efficiency and 

reliabil i ty due over-cycl ing (unit switching on and off  in a short  period of t ime).  

The figure below compares both cases against a g iven demand, h ighl ighting the 

point  at  which a  problem may be observed.  

 

F igur e 5  -  h eat pump system output  and d emand  

In recent tr ials  run by the Energy Saving Trust, 83 heat pump instal lat ions were  

monitored around the UK (The Energy Savings Trust, 2010).  The results  gave 

serious cause for concern, indicat ing underperforming systems as result  of poor 

design and insta llat ion. The reasons for the poor  performance were stated as  

over-s impli f ied s izing methodologies and low attention g iven to the operation 

and control  of  the secondary energy (back up) source (most  cases e lectric 

heaters) .  

In an effort  to popular ize heat pump instal lat ions and avoid many of the  

problems caused by bad design and control , a steering group working for the  

micro-generation scheme defined a  simple design methodology.  By this new 

standard the bivalent  point (point  at  which a second energy source is needed)  

should be the temperature above which the outs ide temperature remains for  
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99% of the t ime in an average year.  Ef fect ively what it  says is that, based on 

previous weather data, the heat pump should be able to supply al l  the building 

demand. As mentioned before, such a solution, although helping by reducing 

dependence in  the secondary energy unit , may considerably raise instal lat ion 

capital  cost  and reduce system l ife  span due excess ive  cycl ing (Lira,2011).     

Instead of defin ing the bivalent point  through a  stat ic solution, as  above,  

dynamic simulat ion can play an important role over how a system is si zed. By, 

for example, adapting the system control to external temperatures and/or user  

behaviour,  the designer may be able to balance the energy share between 

different units  in the system. This  wil l  be  further  investigated at  chapter  5.  

 

3.2 Proposed methodology and tools overview 

 

The examples above represent cases where the ut i l ised des ign methodology 

ignored the need to include detailed modell ing in the design of hybrid energy 

systems with high renewable energy penetrat ion.  Cons ider ing time as a resource  

of high value, designers may opt  for s impler s izing  methodologies that  sacrif ice  

f lexibi l ity and accuracy in exchange of reduced model l ing t ime. This option was 

observed in half  of  the hybrid system design methodologies identif ied by Rubio 

(Rubio,2010) who analysed an extensive amount of hybrid system designs and 

class i f ied the methodologies  into four  main groups:  

•  Probabi l ist ic : Usual ly  ut i l ises one or two performance indicators  as  

reference to judge a  system. S imple energy supply and load models are 

combined to predict  the  expected system performance.   

 

•  Analyt ical :   hybr id energy system performance is assessed for a  set of  

possible system architecture and/or a part icular  size of components. Best  

configurat ion of a hybrid energy system is  determined due to a  mult iple  

performance index of  the systems analyzed. It  needs long time series , 

usually  1  year ,  of  weather  variables for  the  s imulat ions.  

 

•  I terative methods: Is  commonly ut i l ised with detai led energy system 

modell ing and the design improvement process is done by means of a  

recurs ive process which stops when the best  conf igurat ion is  reached  

according to design specif icat ions.  

 

•  Hybrid methods: Combines different methodologies together.  Usual ly  

applied in s i tuations where a large amount  of interrelated objectives are  

targeted.   
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This  section introduces a new hybrid system design methodology, later applied 

to three case studies at  chapter 5 , where the design process combines three of  

the four methodologies identi fied by Rubio, divided into two stages: A  

feasibil ity  study one,  where simple energy system analys is and design tools  are  

ut i l ised to f i l ter  possible design solut ions (probabil ist ic or  analytical  method) ,  

and the second, more t ime demanding, uti l is ing detai led modell ing to improve 

and analyse the best candidates ( Iterat ive method).  The reasoning behind this  

methodology i s to just invest  the t ime required by a detailed energy system  

modell ing after a s impler and faster analys is  indicated the feasib il i ty of  a given  

technology combination. In the next sect ions,  appropriate tools  and expected 

outputs  at  each stage are introduced.  

 

Figur e 6  -  S tag es in  th e proposed met hodology  

 

3.2.1 The feasibility study stage 

This  is the earl iest stage of a project  and the main object ive at  th is point  is  to,  

by uti l is ing one or two performance indicators  (such as  running cost or CO 2  

emiss ion level) , answer the s imple quest ion: Is  the combination of two 

technologies a  feasible solut ion to a  given project?  

At this  stage data tends to be l imited, which rules  out detai led simulat ion as  

even the most powerful software wi l l  be unable to produce rel iable information 

i f  inappropriate input data is uti l ised. Instead of bespoke f igures ,  

manufacturers’ information, low resolut ion weather and energy demand data is  

desirable . Combining i t  with pre-set  energy system templates gives the energy 

system designer indicat ion of what may be achieved.  The appropr iate tool  
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should give an overview of how each technology could contr ibute towards a  

defined goal  but  no detailed design and opt imisat ion can take  place.   

At this  stage it  is  recommended the uti l isat ion of s imple energy design tools  

such as HOMER (Lambert, 2006 and NREL, 2012) ,  Energy Pro (EMD 

international ,  2012) or RETScreen (Natural  Resources Canada, 2012 and 

Tristán,2011) where  outputs  are presented in  s imple tables and graphs ,  

including data such as  running cost ,  simple paybacks, internal rate of return and 

renewable share.  In general ,  f lexibil ity over what can be s imulated is quite  

l imited and the user  must  accept  many of the  embedded assumpt ions.  

Due its l imited customisat ion, this kind of tool won’t be able to represent 

specif i c cases or al low the designer to perform signif i cant changes into the  

energy system structure. In  most cases the  different elements of the system are  

seen as  “black boxes” from which energy f lows are observed.  Temperature  

f luctuations and internal  configurat ion changes are not taken into account  and 

therefore also isn’t  the impact that they may have into the final system 

performance. As these two factors have great impact over the performance of a  

hybrid system with h igh renewable penetration, s imple energy analys is tools can 

misrepresent the real behaviour  of such structures.  These tools  represent  a  

compromise  between f lexibil ity/accuracy and s implicity.  

Regardless the l imitat ions presented above, these tools  can be of great  

importance in the  design of a hybrid energy system if  uti l ised to f i lter  al l  the  

possible solut ions to a given challenge and present  to the designer the most  

feasible solutions, which shall  be taken to the next stage in the design process  

where  detailed modell ing is  ut i l ised to define and improve the system design.   

 

3.2.2 Detailed design / system improvement 

At this stage, detai led model l ing tools (such as TRNSYS (SEL,2012) or ESP-r  

(ESRU,2012) )  are ut i l ised to improve and ver ify the design of the systems 

identi fied as feasible in the previous one. To improve the design of the energy 

systems presented at  chapter 5 , s imple i terat ive process was developed as  

represented next.  The loop between changes in the system and s imulation runs  

is  interrupted once the design object ives are achieved.   
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Figur e 7  -  Syst em im pro v ement  pro cess  

An important e lement in this  process,  the duration of  the s imulat ion,  was  

defined by the technologies ut i l ised and the system object ives.  Where storage 

tanks were not present and therefore the s izing methodology becomes a key 

factor, it  may be acceptable to focus only in the coldest week of the year (MIS  

3005,2012).  Such methodology may, on the other  hand, overlook issues this  unit  

s ize may have during mi lder weather  condit ions.  Due uncertainty regarding how 

the systems may perform during these weather condit ions al l  the simulat ions  

here presented wi l l  run through the entire year and output , at  every t ime step,  

information regarding key elements of the systems such as  energy consumption, 

f low temperatures,  tank temperatures,  power output,  weather condition and 

load demand.   

The chosen resolut ion, monitoring points and s imulat ion length can be used to  

identi fy punctual  problems in the system but its ul timate object ive is to define  

the overall  system performance.   

Due the large amount  of outputs generated and to make the high level analys is  

faster and more reliable , an output interface had to be created. This interface is  

able to load the raw output f rom the s imulation and represent i t  in a fr iendly 

format, focusing into parameters such as  CO2  emiss ion levels ,  fuel consumption,  

renewable load share, running costs,  payback period and internal  rate of return 

(when compared against an alternative).  Details  about this  interface and 

outputs  are  given at  chapter 4.   

 As already mentioned, the long learning curve and required modell ing t ime 

requirement is possibly part  of the reason why softwares l ike TRNSYS and ESP-r  

are considerably more popular in the academic environment  than in the  

commercial  one. A possible solution may be the one presented by Ete (2009) 

where the detailed simulat ion once f inalised is  manipulated and turned into 

user fr iendly templates,  based on the best  solut ions. The software is  then 

ut i l ized as  a simple  design tool  where the interact ions between different  

components  are  pre-defined.   
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3.3 Chapter conclusion 

This  chapter highl ighted the importance of detailed modell ing as part  of  the  

design process of a hybrid system. Two examples were given where common 

residentia l  hybrid energy systems instal led in the UK presented evidence of  

underperformance due poor design and instal lat ion.  Detailed model l ing wi l l  be  

ut i l ised at  chapter 5 to solve  some of the  problems  presented in these examples  

and analyse i ts  potentia l  in the des ign of a hybrid energy system. It  was ,  

therefore, necessary to create  a  methodology for such.  

The methodology presented in the second sect ion of this chapter divides the 

design process into two main stages: Feasibil i ty study and detai led model l ing.  

The f irst  stage works as  a  f i lter  of  feasible hybrid energy systems to be taken to  

the next  stage. At  this  f irst  moment, s imple modell ing tools such as RET Screen  

and H.O.M.E.R are  recommended given their  s imple  user  interface and use.  

At the next  stage, a detailed model of  the selected hybrid energy system is built  

and taken through an iterat ive design improvement routine, unti l  the f inal  

design is  found. For the case studies presented at chapter 5, the  simulat ion tool  

TRNSYS was selected.  Due the amount of  outputs  generated after each i terat ion, 

a performance assessment tool had to be created. Both TRNSYS and the new 

tool  are  detai led in the next  chapter.  
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4. TRNSYS and the performance 

assessment interface 
As stated in the previous chapter ,  the developed methodology wil l  be appl ied to  

three case studies in order to analyse the benef its of detailed model l ing in the  

design of  hybrid energy systems and ut i l ises TRNSYS as the model l ing tool .  

TRNSYS is a transient system simulat ion software that uti l ises a modular  

approach to analyse  systems whose behaviour is dependent of time. This  

approach simpl if ies the creation and analys is of  hybrid energy systems yet  

maintaining the  required level  of  f lexibil ity  and detai l .  

One of the chal lenges when uti l is ing TRNSYS in the design of new hybrid  

systems is the  amount  of data  generated in a format that doesn’t  offer a concise  

way to analyse it .  To s impl ify the data analys is  process, a performance  

assessment interface  was created. It  is  described in the second part  of  this  

chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

4.1 TRNSYS  

TRNSYS is a transient system simulat ion software that uti l ises a modular  

approach to analyse systems whose behaviour is dependent of time.  The 

modular approach refers to the fact that  each element in the energy system is  

formed by an independent component (referred as “type”) whose inputs  and 

outputs  can be connected to a second, th ird or even fourth e lement in a manner  

analogous to piping, duct ing and wiring in physical  systems. The programmer 

supplies values for a l l  the parameters descr ib ing the component to be used.  

These components can be found either in a provided l ibrary or created by the  

users.  Once al l  the components and connections are def ined, the program does  

the necessary s imultaneous solut ions of the algebraic and dif ferential  

equat ions , which represent the components, and organizes the inputs  and  

outputs  (Duff ie ,  2006).   

 

 

Figure  8  -  TRNSYS si mulat ion st udio  int er fa ce 

TRNSYS consists of  a suite of programs which inc ludes the TRNSYS s imulat ion 

studio and the bui lding input data visual  interface (TRNBuild) ,  both uti l ised  

during th is  d issertat ion.   

The s imulat ion studio is the main visual  interface ut i l ized to create energy 

system models,  which can be done by drag-and-dropping components to the  

workspace, connecting them together and sett ing the s imulat ion parameters.  In  

cases where multi -zone buildings are simulated, the TRNSBui ld program is  

ut i l ized to input  the  required data. It  a l lows the designer to specify al l  the  

bui ld ing structure details ,  as  well  as everything that is  needed to s imulate  the  

thermal behavior  of the building, such as  windows opt ical  properties , heating 

and cool ing schedules, etc.  Once al l  the  information is inserted, TRNBuild  

creates a  bui ld ing descript ion f i le,  which can be imported by components in the  
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s imulat ion studio and integrated to other elements in the energy system such as  

heat supply units  and environmental  data.  

 

F igure  9  -  TRNSYS simulat ion studio interface 

A challenge when improving a  complex energy system through TRNSYS is  the 

fact  that the amount of outputs generated may be overwhelming, and are  

presented in a t ime series format that does not represent a concise way to 

analyse the data.  This makes the process of comparing performance after a 

series  of interact ions quite t ime consuming and with propens ity to mistakes. To 

overcome such chal lenge an output analysis interface had to be created and is  

described next.  
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4.2 Performance assessment interface for 

TRNSYS 

After each TRNSYS s imulat ion, a group of outputs is  generated and presented to 

the energy system designer as  a group of t ime series.  To analyse the  data 

generated during the  s imulat ion of the case studies presented in the next  

chapter , it  was necessary to translate these time series  into a format that could  

be easi ly understood by the des igner.  The created performance assessment  

interface is able to import  the data series  generated after each TRNSYS 

s imulat ion and translate it  into a series  of performance assessment data such as  

renewable energy penetrat ion, running cost ,  CO2  emission level etc.  The 

interface also helps to identify energy balance issues dur ing the simulat ion by 

comparing the amount of  energy f lowing through each component.   

 

Figure 10  -  Data process ing  

The f igure above is an example of  how the data, after processed, i s  displayed to 

the des igner. The processed data was divided into two main groups, the f i rst  

offering information regarding energy performance and emission levels and the 

second focused into f inancial  parameters.   

4.2.1 System performance interface 

A full  screen shot of  this  interface is presented at  Annex 1.  The fol lowing 

sect ions detai ls some of the tool outputs that are useful  during the des ign a 

hybrid system. 



 

  

Overall  energy share 

F igur e 11-  Import ed dat a co nvert ed into  e

This s imple chart  (r ight hand s ide)

demand is supplied by each of

representation that  al lows the designer to easi ly track how the changes in the  

energy system are  affect ing the overall

information is  also represented numerically,  showing exact ly

energy each unit  converted.  

 

Import ed data co nvert ed i nto  en er gy unit  shar e  over  the load

(r ight  hand side)  represents  how much of the total

each of the d ifferent energy units.  It  is  a  s imple 

that  al lows the designer to easi ly track how the changes in the 

energy system are  affect ing the overall  system behaviour.  

information is  al so represented numerically,  showing exact ly,  in kWh,

energy each unit  converted.   
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n ergy  unit  share  over  th e load  

total  energy 

It  is  a  simple  

that  al lows the designer to easi ly track how the changes in the  

system behaviour.  This  same 

,  in kWh, how much 



 

CO2  emission 

Important when trying to meet specif ic  building regulat ions , the interface 

combines the information

the s imulat ion, with the emiss ion factor defined by the user for  that  column 

outputs the tota l  CO 2  emitted 

a s ingle  graph and are  a lso compared against  a

Figure  12  – examp l e of  

 

 Energy Source 

 

Figure  13

Important when t rying to meet specif i c  building regulat ions,  the interface 

the information in the “energy consumption” columns, loaded from 

the emiss ion factor def ined by the user for  that  column 

emitted by each energy unit .  These values are displayed in 

are a lso compared against  a  user  def ined base  case.  

 

 

examp le of  CO2 emissio n aga in st b a se ca se  

13-  En erg y  sour ce share  over  th e load 
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Important when t rying to meet specif ic  build ing regulat ions, the interface 

loaded from 

the emiss ion factor def ined by the user for  that column and 

.  These values are displayed in 

base  case.   

 

 



 

Although closely related with the f irst  output described, the  graph above 

displays the share of the different energy 

looks to the system as a s ingle volume control where simi lar energy sources 

entering the boundaries  are grouped together,  regardless  where, how and how 

effect ive it  wil l  be used.  As a s imple example, in a system formed exclusive ly by 

an air  source heat pump plus immersion heater with a seasonal performance of  

3,  the  “energy suppl ied” and “energy source” 

F igur e  14-  Energ y  sour ce 

This is  an extremely relevant  p iece of information when specif ic  building  

regulat ion targets  must be met. The graph above discla ims that, alth

of the energy supplied comes from the heat  pump, only 67% is

source  (heat  from the air) .  

Fuel cost  

Fol lowing a s imi lar  structure ut i l ised to ca lculate  the total CO

designer  is  also able to define 

consumption columns, loaded from the simulat ion

then processed together , 

also breaking it  down to each of the  energy units

base case unit , against  which the performance of the s imulated system wi l l  be  

compared. If ,  for  example , the base case is  a gas boi ler  system, the designer can  

insert  80% in  the  “base case eff ic iency” f ie ld and “0.034 £/kWh” in  the  base  

Although closely related with  the f irst  output described, the  graph above 

displays the share of  the different energy sources over the load. The calculat ion 

looks to the system as a s ingle volume control where simi lar energy sources  

are grouped together , regardless  where, how and how 

effect ive it  wil l  be used. As a s imple example,  in a system formed exclus ive ly by 

an air  source heat pump plus immersion heater with a seasonal performance of  

”  and “energy source” graphs would be  as  below:

En erg y sour ce v s.  en er gy uni t  shar e over  th e load  

This  is  an extremely relevant p iece of information when specif ic  building  

regulation targets must be met.  The graph above discla ims that , alth

of the energy supplied comes from the heat pump, only 67% is from a renewable 

.   

Following a simi lar  st ructure ut i l ised to ca lculate  the total CO 2  emiss ion, the  

designer is  also able to define different fuel  pr ices  l inked to each of the energy  

,  loaded from the simulat ion.  Consumption and price  are  

 outputting the total  running cost of  the system

breaking it  down to each of the  energy units.  The designer also defines a  

base case unit , against  which the performance of the s imulated system wi l l  be  

compared. If ,  for example , the base case is  a gas boi ler  system, the designer can  

insert  80% in the “base case eff iciency” f ie ld and “0.034 £/kWh” in the  base  
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Although closely related with  the f irst  output described, the graph above 

over the load. The calculat ion 

looks to the system as a s ingle volume control where s imilar  energy sources 

are grouped together , regardless where, how and how 

effect ive it  wi l l  be used. As a s imple example, in a system formed exclusively by 

an air  source heat pump plus immersion heater with a seasonal  performance of  

graphs would be as  below: 

 

 

This is  an extremely relevant p iece of information when specif ic bui lding  

regulation targets must be met.  The graph above discla ims that , although 94% 

from a renewable 

emiss ion, the  

each of the energy  

.  Consumption and price are  

total  running cost  of  the system and 

r also defines a  

base case unit , against  which the performance of the simulated system wi l l  be  

compared. If ,  for  example , the base case is  a gas boi ler  system, the designer can 

insert  80% in the  “base case eff iciency” f ie ld and “0.034 £/kWh” in the base  
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case fue l price. The tool  wil l  work backwards, ut i l is ing the results  from the  

s imulat ion to def ine  how the base  case  would perform. 

The capacity to compare results against  a base case is quite important when the  

f inancial  analysis  of  the system is  done. This feature wi l l  define factors such as  

investment payback t ime or internal  rate  of  return as  descr ibed next .  

 

 

4.2.2 Financial analysis interface 

The f inancial  analysi s screen, shown at  annex 2, focus into the f inancial  

performance of the  designed system. The difference from the interface  

presented in the previous sect ions is  in the fact  that the time series data 

imported is now l inked to user-def ined f inancia l  factors such as  fuel cost ( l inked 

to the performance analys is interface) , f inancial  incent ives (such as feed in  

tar if f  or  renewable  heat incentives ,  expla ined next) ,  etc.   

The f inancial  characterist ics  for the base case scenar io previous ly described are 

also defined in  this interface, and works as  a  reference against which the  

f inancial  performance of  the  new system may be compared.  

Running cost savings 

 

The savings f rom running the  specif ied system instead of the base case one are  

defined by three different elements: Fuel  cost di fference, f inancial  incentives  

and operation and maintenance cost.   

The difference between the base  case fuel cost and proposed system one 

defines  the  fuel  cost  savings.  

The second element was bui lt  around a f inancial  incentive structure where the  

energy user is  f inancial ly rewarded for  each kWh of renewable energy 

converted. For example, the UK Feed in Tari ff  pays a resident ial  customer £0.21 

per kWh of electr icity generated through a photovoltaic panel insta lled on 

his/her roof .  S imi larly, the Renewable Heat Incent ive (RHI)  pays for the heat  

supplied by a  low carbon technology.  Combining the  level  of  incentive with the 

total  energy suppl ied by the re levant energy source defines the tota l annual  

renewable generat ion income.  

The last  element , def ined by the  user, refers to the O&M costs related with 

each of  the involved energy supply units ,  including the one in the base case 

scenar io. The difference between the proposed energy system O&M cost  and 

the one from the base case scenario def ines the system O&M savings (negat ive  

i f  the  proposed system is  more expensive  to maintain).  



 

 F inally,  by adding up al l  the three e lements

cost  savings is  def ined (negative if  the new system is more expensive to run 

than the  base  case) .  

   

 

F inally, by adding up al l  the three elements  described above, the total  Running  

cost savings is  def ined (negative if  the new system is more expensive to run 

 

Figure  15  -  Runn ing sa vi ngs  
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the total Running  

cost  savings is  defined (negative i f  the new system is more expens ive to run 



37 

 

Cash flow and internal rate of return 

 

Figure 16-  Payba ck  cal culat ion ou tput  

Before  explaining the concept  of internal rate  of return i t  is  important to 

understand the meaning of  the net present  value  (NPV) of a given investment.  

The NPV defines how much a series of payments (or losses)  would be worth 

today, assuming a  g iven discount  rate  dur ing the  observed period.   

    ��� =	∑ ��
(
��)�����         [1]  

Where t  =  t ime of the  cash f low,   

R t= Total cash f low dur ing period t  ( income posit ive , expenditures is  

negative) ,  

 i  =  the  discount rate to be applied at  each period between n and 0 . 

 

The NPV defines how much value  an investment  is  adding to the investor.  

The internal rate of return ( IRR) is the discount rate that results  into a net 

present value of zero for a series of cash flows. A net present value of zero 

means that the project repays the or ig inal  investment plus the required rate of  

return.  The higher  the  IRR the better is  the investment.   

 Before ca lculat ing the internal rate of return it  was, therefore,  necessary to  

al low the interface user to input the capital  cost  related with the  

implementation of the proposed energy system and, if  relevant,  compare it  

against  the base case one. Eventual  break downs and replacement costs  can also 

be  defined at  specif ic years.   

With al l  information previously descr ibed it  is  now possible to combine the 

capital  costs and running savings to create a cash f low analys i s through the 

investment period.  For each period, the cash f low is  def ined as be low: 
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    � = −�� − �� + ��      [2]  

Where, 

Y = cash f low for a given period.  

 Ci  =  Invested capita l.  Refers  to the cost  to install  the  proposed energy system 

including des ign,  equipment  and commissioning cost.   

Rc= Replacement cost.  If  the replacement of parts of  the energy systems are  

foreseen during the period analysed, this  cost  may be included here. The user is  

also able to def ine  at  which years  it  wil l  occur.   

Rs = Running cost  savings,  as  previously descr ibed.  

A graphical representation of cumulat ive  cash is presented to the user as  

i l lustrated at  F igure 14 and may be used as reference of  how fast  the money 

invested is  being recovered. Addit ionally,  once the cash flow associated to the  

proposed system is  known, the IRR can be calculated.  Microsoft  Exce l uses an 

i terative technique for calculat ing IRR.  Start ing with a  guess, di fferent discount  

rate values are tr ied unti l  the value at  which NPV equals  to zero is found with 

an accuracy of 0.00001% (Excel  2007).   

 

4.3 Chapter conclusion 

The previous chapters  highl ighted the importance to  ut i l ise detai led model l ing  

in the analysis  of  hybrid energy systems with high renewable energy 

penetrat ion.  Although able to replicate in detai ls the thermodynamic 

relat ionship between dif ferent  elements in a hybr id energy system, TRNSYS 

outputs  information in a t ime ser ies format without  a concise way to analyse  

performance.   

Motivated by the challenge described above, a performance assessment  

interface was created. This new tool imports  the data ser ies generated after  

each s imulat ion and converts it  into a format  that des igners can easi ly  

understand.   

The interface outputs  were divided into two main groups: energy performance 

analys is  and financial  performance analysis .   

The f irst group informs the designer about performance parameters such as  CO2  

emiss ion levels ,  energy source or energy unit  participat ion over the load, load 

share, etc.  Al l  the information is  d isplayed in  user f riendly graphs and al lows  

the user to create  base case  scenarios  against which performance is  compared 

The second group focus  into the f inancial  aspects in the energy system. 

Addit ional ly to running and capital  costs, which a lso can be compared against  a  
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user defined base case, the tool al lows the introduction of f inancial  incentives  

based on the amount of renewable energy share over the load, such is  the case  

of the feed in tar i ffs  or  renewable heating incent ives. A ll  these elements are  

combined together and converted into f inancial  performance indicators,  such as  

payback period or internal rate of return, which are commonly ut i l ised in the  

decis ion making process regarding the feasibi l ity  of  an investment.   

In the next  chapter both TRNSYS and the created interface are uti l ised as part  of  

the design process of three energy systems. The benefits that  detai led 

s imulat ion brought to the final product wil l  be analysed and compared against  

the orig inal  design.  

 

 

 

5. Case studies 
This  chapter  wil l  analyse how some energy system designs may me be optimised 

by detailed energy system simulat ion. A ll  three case studies here presented are  

based on real l i fe  projects  within the UK to which access to the original  design 

detai ls were made available either through public publicat ions or  direct  contact  

with original  energy system designers. It  is ,  therefore, assumed in the analys is  

that a l l  the cases have already been through the f irst  stage in  the proposed 

design process: the feasibil ity  analysis .  This chapter wil l  focus into the second 

stage, the detailed modell ing and system improvement.  

 

 

Figur e 17 -  Syst em impr ovem en t  process descr ib ed at  chapt er  3  

 

To each of  the proposed energy system designs a TRNSYS model  was created and 

key performance parameters defined.  The performance assessment tool was  
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ut i l ised to quanti fy the benef it  of  proposed changes in the or ig inal design whi le  

more punctual  data analys is , l ike storage tank temperature at  different points  

throughout a day, supplied information that could ident ify problems or  

potential  solutions.  

In the end of each chapter a l ist of  improvements and problems not identif ied in  

the original design wi l l  be presented, highl ighting the benefits brought by the 

detai led modell ing.  

 

 

5.1 Caste study one – Individual residential 

system design: Sizing and control 

improvement 

 

5.1.1 Introduction 

In the UK around 3.4 mil l ion people currently l ive outside the gas network areas  

(Baker, 2011) , relying tradit ionally on energy sources such as  heating oi l ,  

l iquefied petroleum gas (LPG) or e lectricity to heat their  propert ies.  The f irst  

two energy resources are not part  of  a regulated market ,  resul ting into fuel  

prices considerably volati le  with signif icant variat ion within months. In the past  

3 years  the average heating oil  pr ice in the  UK doubled, going from 0.3 £/L to 

0.6 £/L  (DECC,2012).   

The elements described above made alternative heating technologies quite  

attract ive to homeowners and the retrof it  market . As descr ibed at  chapter 3 ,  

some of these technologies are,  however ,  considerably more sensit ive to the 

environment and user behaviour than their  foss i l  fuel dr iven counterparts ,  

indicat ing that  design is  cri t ical  to an effective operat ion.  

I t  is  unclear how current design standards , based on steady state analysis ,  

affects system performance when different control st rategies are applied or  

var iable weather conditions are considered. This sect ion wi l l  analyse a typical  

air source heat pump + back-up instal lation and through detai led s imulat ion 

observe how the assumptions behind the design may affect  system performance 

and capital  costs  and how it  compares  against current  design standards.  
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5.1.2 The energy system 

The proposed scenar io repl icates a  representative UK detached dwell ing (Kel ly  

and Beyer,  2008) with main fabric  elements highl ighted below: 

Structure Detai ls U value  

[W/m2 K]  

External  wall s  Brick –  cavity 0.45 

Windows (13% of 

total  surface area 

(DECC, 2009))  

Double glazing pre  

2000 

2.83 

Roof  Pitched 0.3 

F loor  (104m
2
)  0.45 

Heating system Radiators  N/A 

Air  inf i ltrat ion 13m
3
/hr.m

2
 @50pa 

(DTLR,2000) 

N/A 

Tab l e 1  –  bu i ld ing d eta i l s  

All  the heat  demand wi l l  be supplied by a combination of a heat pump and an 

electr ica l  heating element act ing as  back-up as represented below: 

The units  wi l l  be init ial ly operated based on the three main operation modes 

identi fied by The Energy Savings Trust’s  heat pump trial  (The Energy Savings 

Trust,  2010):  

Operation mode 1 – Intermittent heat ing:  When unoccupied the heating in  

the building i s completely switched off .  During the occupancy periods the  

bui ld ing temperature  is  set  to constant  20⁰C.   

Operation mode 2 – Set back heat ing: When unoccupied the build ing 

temperature is maintained above a minimum value. During occupancy periods it  

is  raised to 20⁰C. For the  model led system it  was observed that the setback 

temperature of 16⁰C gives a good balance between energy unit size reduction 

and annual  energy consumption.  

Operation mode 3 – Continuous heating: The building is  maintained at  20⁰C 

through the entire day. This is  quite usual with buildings where the thermal  

mass can be used towards i ts  advantage but for refurbished buildings heated 

through radiators  the result  may be a s ignif icantly  h igher energy demand. 

Because the power output just  needs to match the fabric losses this  condition 

tends to lead to the  smal lest  energy unit  sizes.  
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Just  l i ke in real residential  instal lat ions, the heat pump wi l l  be controlled by 

two main elements:  room thermostats  and the temperature  of the water  

returning to the heat pump. The f irst defines when heat is  required and 

therefore the heat pump must be switched on and the second element work as  

protect ion against  undesired return temperatures , switching the unit  off  

whenever i t  achieves values above 51⁰C.  

Following current standards the back-up unit  is  control led in such a way that ,  

for  Glasgow, it  won’t be al lowed to act  unless  external  temperatures are below -

3.4 ⁰C (DECC: MIS 3005, 2010).  The sizing process must  take it  into context .  

 

5.1.3 The energy system model 

 

A TRNSYS representation of  the  proposed system was  buil t  as  shown below: 

 

Figure 17  – TRNSYS mod el  
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I t  is  formed by the  following main elements :  

Heat  pump 

The heat pump model simulates a real unit  performance by reading, at every 

t ime step, inputs such as external  weather temperature or returning water flow 

temperature and combining it  against a pre-defined performance map. This map 

is user def ined and indicates how the unit  operates  under different  

circumstances. The performance map was  created based on manufacturer’s  

performance data available in technical documents such as Dimple’s planning 

manual  (Dimplex,  2012).  

Bui lding  

The building model fol lows the specif icat ions presented in the previous sect ion 

and was created through TRNSBuild,  a TRNSYS interface ut i l ised to create  

bui ld ing models.  The bui ld ing is divided into four main volumes, individual ly  

controlled, and from which a call  for  heat  signal i s  sent in case the internal  

temperature drops below a pre-defined set  point.   

Back-up unit  

While in operation, the return temperature to the heat pump is monitored. If  

the outside weather temperature is below -3.4 ⁰C and the return temperature is  

below the expected value for more than 30 minutes, a 3kW back-up unit is  

act ivated, transferring extra energy to the property. The bivalent point was set  

based on current MCS Standards (DECC:MIS 3005, 2012)  

Plotters  

To allow punctual analys is  of  some key elements in the energy system, 

“plotters” were connected to some of the system outputs such as room 

temperatures , heat pump power output  and energy consumption, weather  

temperature, etc.  The “plotter” wil l  automatical ly plot  a graph represent ing the  

state  of each of  the  l inked outputs  at  every simulat ion t ime step.     
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5.1.4 The design improvement process 

The main challenge in this system is to identi fy the right balance between 

capital  cost and system performance. Oversized systems may be unfeas ibly  

expensive  and f inancial ly unattract ive  whi le unders ized ones would either not 

be able to achieve desired temperatures or become expens ive to run due 

excessive act ion of back-up unit .  Addit ional ly,  short  cyc les may have s ignif icant 

impact in the heat pump l i fe cycle  and performance and must , therefore, not be  

overlooked.  

The improvement  process wil l  be  d ivided into two stages :  

Unit  siz ing 

The s imulat ion wil l  define how much energy is required to achieve the set  

temperature during the coldest  day in the year under different operation 

modes.  In the case of set back and intermittent heating, the heat pump was 

started one hour  prior  to the  desired temperature  being required.  

 The required capital  cost and annual running cost for each scenario wi l l  be  

combined in different  f inancial  parameters and uti l ised to define how effect ive  

each design is .  

Following the procedure described at  chapter three, if  after the  s imulat ion of  

the proposed control  strategies a  potential  improvement is identi f ied, new 

s imulat ions wi l l  be run unti l  no more space for improvement  is  found.  

 

Rel iabil ity  

Although the analysis  above def ines  how wel l  the  system wil l  be able to cope  

with winter  condit ions it  does not offer information about system eff iciency  

under  milder weather condit ions and l i fe  expectancy.  

Excessive cycling may reduce heat pump’s ef f iciency and l i fe cycle and therefore  

the number  of cycles  wi l l  be ut i l ised, at  this  stage, as reference over how 

damaging to the unit  the  selected strategy may be.  

 

A f inal  conclusion wil l  be drawn from the combinat ion of  both results .  
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5.1.5 Result analysis  

Unit  Sizing  

The model was f irst  used to ident ify the s ize of  unit  required (based on peak 

demand)  to attain  the  desired set  point  condition dur ing the  whole  year.  

F igure 18 shows the variat ion in the  calculated peak thermal  demand with the  

different operational strategies. This  peak demand determines the size of the  

heat pump system to be instal led. The intermittent operating strategy results  in 

a unit  s ize of 11kW heat output,  almost twice  the capacity of the unit  required 

i f  a  cont inuous heating strategy was adopted.  

 

 F igur e 18- Pea k d eman d and run ning  costs  for  d if ferent  opera t ion  mod es  

Figure 16 also shows the fuel cost  associated with each strategy. To calculate it ,  

a typical UK ‘economy’ tar iff  was applied, dividing the electr icity price into two 

groups: low rate (7p from midnight- 5  am, 1pm-4pm, 8pm-10pm) and high rate  

(14.9p al l  other periods).  Addit ional ly, a standing charge of 16.3p per day was  

included.  The result ing costs range from approximately £760 per annum for  

intermittent heating to around £900 per annum for a  continuous heat ing 

strategy. The running costs  are therefore signif icantly less sensitive to the  

operational  strategy than the unit  size .  

The setback results and its posit ion between the two other invest igated 

condit ions indicate that more feasible solut ions may l ie between the extremes.  

The previous analys is  was ,  therefore, extended to 5 more intermittent heat ing 

condit ions, but  where  a longer per iod of t ime is  al lowed between the heat ing 

system being switched on and the expected indoors temperature being achieved 

(pre-heat) .  

F igure 19 shows the effect of  increasing the  pre-heat t ime on the required unit  

s ize  for the  intermittent heat ing case.   



 

 

Figur e  19-  Requir ed un i t  s i ze ver su s  r equir ed  h eating t im e

The unit s izes and running costs above only  give a part ial  picture  regarding the

merits  of a part icular  operat ing strategy, an appreciat ion of the l ike ly capital  

cost  is  also required. Pr ices for a range of ASHP units  were therefore gathered 

from a range of dif ferent suppliers.  These indicated that instal led cost  of  a  

domestic ASHP device  can be p laced between £900 and £1200 per kW (thermal)  

depending on the s ize  of  the unit .  The relationship ut i l ized here wil l  be £1200 

per kW for a 5kW installat ion and £900 per kW for 14kW installed unit .  These  

prices  include f i tt ing and purchasing la

Applying these prices  to the calculated unit  s izes for  the dif ferent operat ing  

strategies, it  can be observed that siz ing an air  source heat pump system for  

fast-response, intermittent heating is   nearly 60% more

just  meet the  demand of  a continuous  heat ing system. 

Unit  s ize

11 kW

10 kW

8 kW 

7kW 

6kW 

Tab le  

Comparing investments 

The merits  of  the d ifferent operat ional  strategies  can be compared by plott ing 

the net present value  (NPV) for each investment.  This analysis  wi l l  observe a  

series of  cash f lows recurr ing from the init ial  investment  in  a new heat pump 

system and then expected savings from lower running costs  over a per iod of 20  

years.  All  systems wi l l  be compared against an oi l  boi ler  running cost  and any 

fuel saving wil l  be applied into an investment fund with annual  return of 3%.  

The same fund wi l l  a lso take any savings f

 

Requir ed uni t  s i ze  ver sus  r equired  h eating t im e  

The unit  s izes  and running costs  above only give a part ial  picture  regarding the

merits of  a part icular  operat ing strategy, an appreciat ion of the l ikely capital  

cost is  also required. Prices  for a range of ASHP units  were therefore gathered 

from a range of dif ferent suppl iers .  These indicated that instal led cost of  a  

v ice  can be p laced between £900 and £1200 per kW (thermal)  

depending on the s ize  of  the unit .  The relationship ut i l ized here wil l  be £1200 

per kW for a 5kW installat ion and £900 per kW for 14kW installed unit .  These  

prices inc lude f i tting and purchasing larger radiators  s ized for  use  with  an ASHP.  

Applying these prices to the calculated unit s izes for  the different operat ing  

strategies , it  can be observed that  si zing an air  source heat pump system for  

response, intermittent heating is   nearly 60% more expensive  than t rying to 

just  meet  the  demand of  a  continuous heating system.  

Unit  s ize  Est imated CAPEX 

11 kW £10,500 

10 kW £9,800 

 £8,300 

£7,500 

£6,700 

Tab le 2   -  Requ ired ins ta l lat ion co st s  

The mer its of  the different operational strategies  can be compared by plott ing 

the net  present va lue (NPV) for  each investment.  This analysis  wi l l  observe a  

series  of  cash f lows recurr ing from the init ial  investment  in  a  new heat pump 

ted savings from lower running costs  over a period of 20 

years.  All  systems wil l  be compared against an oi l  boi ler  running cost  and any 

fuel saving wi l l  be appl ied into an investment fund with annual  return of 3%.  

The same fund wi l l  a lso take any savings f rom the insta l lat ion of  a smaller  unit  
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The unit  s izes and running costs  above only give a part ial  picture regarding the 

merits  of  a part icular  operat ing strategy, an appreciat ion of the l ike ly capital  

cost  i s  also required. Prices  for a range of ASHP units  were therefore gathered 

from a range of dif ferent suppl iers.  These indicated that  instal led cost  of a  

v ice  can be p laced between £900 and £1200 per kW (thermal)  

depending on the s ize of the unit .  The relationship ut i l ized here  wi l l  be £1200 

per kW for a 5kW installat ion and £900 per kW for 14kW installed unit .  These  

rger radiators  si zed for use with  an ASHP.   

Applying these prices to the calculated unit s izes for the dif ferent operating  

strategies, i t  can be observed that  si zing an air source heat pump system for 

expensive  than t rying to 

The merits of the different operational strategies can be compared by plotting 

the net present va lue (NPV) for  each investment. This  analysis  wi l l  observe a  

series of  cash f lows recurr ing from the init ial  investment in  a  new heat pump 

ted savings from lower running costs  over a period of 20  

years.  Al l  systems wil l  be compared against an oi l  boi ler  running cost  and any 

fuel saving wil l  be applied into an investment fund with annual  return of 3%.  

rom the insta l lat ion of  a smal ler unit  
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when compared against the largest  and most expensive one ( in  this  case, an 

11kW (heat)  heat  pump).   F igures  for  the  calculat ions are shown below: 

Electr icity cost  fol lows the economy 10  tarif f  previously described. 

Oi l  price of  £0.055 per kWh. 

Inf lat ion rate for  fue l  of  4% 

Annual  discount  rate  of  3% for NPV calculat ion 

Individual  Savings Account (ISA)  interest  rate of  3% per  year.  

The results  are  below: 

 

F igur e 20-  Net  present  v alu e 

The results highlight the fact  that s iz ing the  unit  based on a s low heating mode 

represents  the best  investment from al l  the options observed.  The difference  

between required investments  is  so signif icant  that  even a  system more 

expensive to maintain, such as the “al l  day mode” is a better option than the 

insta llat ion of  larger units.  The s low heating modes, and in a certain level  the  

al l  day and set  back, are he lped by the fact  that  between 1pm and 4 pm, a low 

electr ic tar if f  period takes place result ing in an interest ing occurrence: Higher  

energy consumption but lower fuel bi l ls .  The 3, 4  and 5 hours preheating modes  

were  part icularly  benefited by i t ,  as  shown below. 

 

 

Figur e 21-  Runni ng co st s for  d if fer en t  h ea t ing  mod es 
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Reliabil ity  

 Another important aspect to observe at  this stage is how the s iz ing 

methodology adopted affects the equipment’s rel iabi l i ty.  To evaluate the  

system’s rel iabil ity  the simulated compressor on/off  cycles were observed and  

compared to the  expected number of cycles  over the l i fespan of  a compressor.  

Ideal ly, once the heat pump compressor  is switched on i t  should be kept  

running for as long as  possible to minimise cycl ing s ince its l i fe  span is  close ly  

related to the  accumulated number of  on/off  cyc les.   

Note that the compressor being s imulated can’t  modulate i ts  output therefore 

the results are not appl icable to inverter  driven units .  No buffer store was  

included into the s imulat ion in order to emphasize the cyc ling effect  f rom each  

control  methodology.   

System type Number of  starts  in  24h 

Intermittent  heating 108 

Set back heat ing 132 

5h pre-heat  68 

Cont inuous  heating 120 

Tab le 3 -  tota l  cy cles dur ing a  mi ld  weath er  da y  

Compar ing the results  above against a typica l  compressor with l ife span of  

200,000 cycles (around 10 years l i fespan) means that the best  l ifespan is  

achieved with the operational strategy that provides the best  financial  return:  

operating the  heat  pump  intermittently but with a  5  hour  pre-heat t ime.   

Due the longer period of operation, the continuous and set  back modes  

accumulate the  highest number of cycles per day.  In the  latter case, the reduced 

internal temperature at which the building needs to be maintained dur ing 

unoccupied periods (16⁰C) results  into the  compressor cycl ing more often than 

i f  it  was maintained at  a higher value. Although be ing a f inancia l ly interest ing 

alternative , the setback mode in a  retrof it  property with low thermal  mass can  

result  into an early breakdown. It  is  an interest ing result  having in  mind that  

most of customers in  the EST trial  were actual ly running the system in this  

mode.  

I t  is  worth to ment ion that, in al l  cases , cycl ing may be reduced by manipulat ing 

the dead band of  the  heat  pumps’ on/off  controller  (Kar lssons,2008).  

F inally  it  should be  noted that  intermittent operat ion (with no pre-heat)  

resulted in the shortest  cycle periods;  these tend to reduce the device  

eff iciency due to factors such as  refr igerant migrat ion (vapour and l iquid)  into 
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the evaporator, raising i ts  init ia l  temperature and affecting the heat exchange 

rate (McPherson, 1989).   

5.1.6 Simulation Review 

The series of simulations described above highl ighted the impact that detailed 

modell ing has in the solut ion of a “simple” energy system sizing. Current  

standards, based on steady state analys is ,  do not consider the impact  that  the  

customer behaviour and expectat ion should have in  the system design.   

For the proposed system, the  size of the unit  under current standards would be  

s imi lar to the one found in the constant heating mode, where  the unit only 

needs to match the current heat losses  through the bui lding fabric, not  taking 

into account heating t ime. The problem is  that , as h ighl ighted in the Energy 

Savings Trust  tr ia ls ,  most customers are oriented to run the system under the  

set-back mode.  There  is  a mismatch between what is  being sized and how the 

system is used.  The customer isn’t  oriented regarding required pre-heat t ime or  

impact that the proposed unit  size /  control could have into system 

performance. Unless a considerable thermal  mass is present to act  as a buffer ,  

l ike is  the case of an under f loor heating system, the current s izing methodology 

combined with proposed control  may lead to reduced l ife expectancy and 

negative customer experience.  

The detai led model l ing presented here suggests that  the control  strategy that 

best  matches current standards is achieved by al lowing a pre-heat  t ime between 

4 and 5 hours. I f  the customer is  informed of such, h is/her expectat ions can be 

managed and the system wi l l  be operated in a mode that benefits both its  

performance and customer’s  need.   
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5.2 Case Study Two – Low carbon district 

heating: biomass boiler combined with 

ground source heat pump (GSHP) 

5.2.1 Introduction 

As mentioned at  chapter 3 , a  key element  in the  design of hybrid systems is  the  

method ut i l ised to couple and control  the different energy sources in the  

system. Due their s implicity, heat stores are good alternatives for such and was  

the solut ion appl ied in the zero carbon district heating networks used as case  

study in th is sect ion (Green Watt  Way, 2010).  Although the zero carbon nature  

is quite specif ic, the need to couple two low carbon technologies together in  

order to achieve a set  CO2  emission target i s a challenge that new developments  

wi l l  be increasingly facing (Code for sustainable homes, 2010; BREEAM , 2010),  

making the chosen scenario re levant  .   

 

To minimise the CO2  emiss ions related with heating the propert ies,  the orig inal 

project  designers  identif ied the combinat ion of biomass boi ler  and heat pump 

as a  feas ible  solut ion.  It  was defined that  any CO 2  related with the heat pump 

uti l isat ion must be offset by photovolta ic generat ion. It  is ,  therefore, vital  to  

keep the heat pump efficiency as high as  feasibly possible s ince it  wi l l  affect  

both running costs and the amount of extra investment required towards the  

insta llat ion of photovolta ic panels.  

Although no specif ic target was  in it ial ly set ,  i t  is  known that due l imited storage 

space and unregulated fuel market (making the pr ice volat i le) ,  the biomass 

boiler  use should be minimised. Meeting these requirements can be chal lenging  

s ince, as  described at  chapter 2, heat pump’s eff iciency is reduced by h igh 

water  temperature through its  condenser whilst  biomass boi lers require flow 

temperatures above 65⁰C. For both units ,  short running cycles  have negative  

effect  in the performance, part icularly in the biomass  boiler, where  

considerable amount of energy can be spent dur ing the start-up period.  

Detai led simulat ion wi l l  be used to observe  how the  combination of both units  

through a storage tank may be improved.  The original des ign, created through 

s imple  s imulat ion software  (Energy Pro)  is  ut i l ised  as  start ing point.   

An overview of  the  energy system is  given next .  

5.2.2 The energy system 

The distr ict-heating network is  formed by 10 propert ies,  each one built  

fol lowing passive house standards (Feist et  al. ,  2005).  The network connects  to 

an energy centre into which four renewable heating technologies are available :  



52 

 

a biomass  boi ler , a ground source heat pump, an air source heat pump and solar  

water heating panels.  As previously stated, this sect ion wi l l  only analyse the  

hybrid system formed by the  heat  pump and biomass  boi ler.  

 

 

F igur e 22-  Distr i ct  h eat ing n etwor k 

A pair  of  heat exchangers al lows the transfer of heat from the district-heating 

network to the radiator and hot water systems ins ide the property. Due the 

l imited maximum temperature reached by the heat pump, both district  heat ing 

network and heat  exchangers  are designed to work at  550 C.  

 

Figure 23  -  Heat  exchan gers  in sid e ea ch prop ert y  

Working as interface between energy units  and the load is  an 8000L storage 

tank built  especial ly  for this  project.  This  tank has 5  pairs  of  inlets and out lets  

distr ibuted evenly throughout  its  height.   

The entire energy system is controlled by a management system able to observe  

a series  of var iables and perform the required actions based on pre-

programmed instruct ions. The available inputs  are tank temperature at 5  

different points  equally distributed through the tank’s  height, external a ir  

temperature,  water f low temperature through the distr ibution system, solar  

radiation, t ime and season.  
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The simulated system operates with three thermostats placed into the heat  

store,  as  shown below: 

 

F igur e 24  -  Hybr id  sy st em th ermo stat  posi t ions  

Sensors  one and two control  the biomass boi ler, and are responsible for  

maintaining the temperature at  the top of  the tank always above 53⁰C.  The 

sensor three controls the operation of  the  heat pump, inc luding fault protection  

against  excessive return temperature.  Both operations are demand 

(temperature) dr iven and no t imer is  uti l ized. The original design fol lows the 

strategy below: 

•  With the entire tank temperature above 55⁰C, sensor one measures the  

internal temperature and once i t  detects  a  value below 52C, both units  

are  act ivated.   

•  Biomass boiler  runs unti l  sensor 2,  placed between its  f low and return 

connection points,  achieves 53C.  

•  Heat  pump runs unt i l  temperature Thermostat  3 reaches 40C.  

The next  sess ion describes how this system was translated into a  mathematical  

model  in  TRNSYS. 

 

5.2.3 The energy system model 

The f igure below i l lustrates the energy system model  created to represent the 

system described above. Printers , controllers and data importers  were removed 

from it  to s impl ify  v isual isat ion.  
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Figur e 25  -  En erg y sys t em mod el  HP  +  B ioma ss  

The TRNSYS model is  formed by three key elements:  The load, the heat store  

and the energy supply units.  

 

The Load 

 

Unlike case  study one, the  load is  connected to the energy supply units through 

a large storage tank, which also acts  as  a buffer.  This reduces the effect  that  

instantaneous change in  the load has over the performance of the energy units  

and vice-versa.  Because of this  independence, each property wasn’t explic it ly  

modelled as in the case study one. Instead, t ime series from previous building 

s imulat ions were imported direct ly  into the  model .   

The total expected space heating demand behaviour for a typical  winter day is  

shown below and was  generated at  a  half  hour  resolut ion.  

 

Figur e 26-  Dai ly  load pr of i le  

Due the high insulat ion level  in each property the hot water demand becomes a  

s ignif icant share of  the total  system energy demand.  Like the space heating  

load, the hot water uti l isat ion wasn’t  explicit ly modelled in TRNSYS but t ime 

series  were imported from external data generated by ECBS Annex 42(Knight ,  

2007).  The original  data was manipulated by receiving a  random time shift  
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between 0 and 15 minutes and each variat ion al located to one of the  10 

propert ies.  S ingle bedroom flats received 100L daily  draw off  profi les,  the two 

bedrooms 200L and the three bedrooms a  mix of  200  and 300 l itres  profi les.   

 

Heat Store 

 

As represented at  F igure 25, the ent ire  system converges to one main 

component, the  heat  store.  Due the heat pump sensit ivity to f low temperatures , 

the tank model  must be able to replicate eventual tank stratif ication. This i s  

achieved by employing the TRNSYS component type 534, which uti l ises  a mult i-

node approach where the tank is divided into N nodes (equal volumes of water)  

and to which energy balance differential  equat ions define the temperature  

levels  as  function of  t ime.  

An example of th is representation is  shown below for a three node tank. In this  

case, the  tank connects  to a  s ingle load and a  solar  col lector.  F�� is  a  control  

funct ion def ining which node receives water direct ly f rom the collector and is  

direct ly related with the ut i l ized kind of inlets and diffusers.  Usually just one of  

the control funct ions  for each type of water source ( in the case below, the  

col lector F�� and the load F��)  can be non-zero.  In  the  model  created for  the  

hybrid system it was assumed that d iffusers with baff le plates were ut i l ised and 

therefore  F�� for  the  respective inlet  node is  non-zero (e.g,  if  the  inlet  connects  

to the  tank at  node 2 ,  F�� wi l l  be  non-zero) .  

 

Figure 27  -  Energ y  f low through no d es (Duff ie  e t  a l . ,  2006)  
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I t  is  convenient to represent  the flow rates through each node as one single  

resultant  f low, from node i  -  1  to node i .  

 !,� =  # ∑ $%# − &�'
%�
 ∑ $%&(%���
         [3]  

Where:  

 !,
 = 0 ( it  means  that  i f  the  node observed is  node 1,  there wil l  be no flow 

from a node above) and 

 !,(�
=	0  (no means that  if  the node observed is  the  last  node, there wi l l  be no 

f low from a node below).  

The differentia l  equation,  including tank losses,  is  then:   

 	 *+,-,�+. / = 0
12
�3 4� 5,6

7 − ,-,�8 +	$�# #5,#,� − ,-,�8 +	$�& &5,&,9 − ,-,�8
+ :  !,�5,-,�'
 − ,-,�8	�;	 !,� > 0
 !,��
5,-,� − ,-,��
8	�;	 !,��
 < 0	> 																																																										 [4] 

 

The number of nodes to be uti l ized general ly depends  of the application.  

Kleinbach (Kleinback et  al . ,  1993) compared measured data against  predict ions  

and found that  10 nodes were sat isfactory in predict ing measure performance 

for domest ic hot  water cyl inder whi le Oberndorfer (Oberndorfer  et  al . ,  1999),  

through the simulat ion and analys is of  a series of dif ferent systems, concluded 

that for annual  predict ions no more than 10 nodes are necessary. Addit ional ly,  

for  annual predict ion,  the nodes temperatures wil l  be ut i l ised in  this study to 

track the system behaviour at  smaller  t ime ranges, such as  a day.  This  analys is  

wi l l  help  to understand how changes in  the system configurat ion are affect ing 

overal l  performance and therefore indicate possible benef icial  design changes.  

A sensit ivity check was made and the 10 nodes approach also proved to be  

enough for such analysi s.  Larger amount of nodes would require considerably 

lower t ime steps to avoid possible mass balance issues . These errors may 

happen whenever a volume of water entering one node, in a time step, is  higher  

than the node capacity.   
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Figur e 28-  Simula t ed t a nk nod es , in let s  and out let s  

 

The Energy Units  

The next key components in the  energy system models are the ut i l ised energy 

units.  For the biomass boiler  simulat ion a normal  gas boi ler  model  from the 

TRNSYS l ibrary was modified to replicate a biomass one. From the same l ibrary a  

heat pump model  s imi lar to the one ut i l ised at  case study one was ut i l ised.  The  

main difference is  the fact  that  this new unit  is  now connected to a borehole  

and therefore the ground temperature had to be a lso s imulated. Detai ls  about  

each model  are  given next.  

Biomass  boiler  

The biomass boi ler  is represented by the combination of a TRNSYS water  boiler  

model (Type 659) and a pair  of controlled mixing and diverging valves whose  

behaviour were adjusted to s imulate  the  studied technology.   

The boi ler  model t ransfers  a controllable amount of  heat to a  mass  of f luid  

connected to its inputs. Following biomass boilers  manufacturer ’s data, the  

original  model  was  modified to a l low a maximum turn down rat io of  3:1 . The 

minimum boi ler entry temperature al lowed is  50°C with outputs  between 65°C 

and 90°C. These values are maintained through the control  of a bypass valve  

placed between the boi ler’s  out let  and inlet ,  as  be low.   
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F igur e 29  -  Simulat ed b i omass b oi ler  

 

The feasib il ity  study carried out by the energy system designers  of the project  

suggested a 30 kW boiler as  feasible solut ion. This wil l  be the in it ial  value from 

which detai led model l ing wil l  start  the system improvement process.   

Heat  Pump 

TRNSYS type 668 simulates a  heat pump unit  by comparing the temperature  of  

the f lu ids connected to its inputs (source and load) against a performance map 

inserted by the user, as  described in the previous case study. The main 

difference in this model  is in the fact  that  the evaporator element must receive  

information regarding a different type of heat source,  in this case, the ground.  

The chosen ground model represents  a borehole f ie ld formed by eight one 

hundred deep boreholes heat exchanger (double  U DN 32 pipes) al lowing a tota l  

extraction of 105 MWh per year. The ground temperature fol lows the profi le  

below: 

 

F igur e 30  -  Ground  t emp erat ur e 
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System Control  

In order to control  al l  of  the  different elements in the system, from distribution 

system pumps to mixing valves  and energy units operation, a bespoke control  

system had to be created.   

The relevant outputs  from each element in the system were connected to a  

series  of equation solvers  which are able to analyse the combination of  

different inputs  and through a series  of equat ions define the required act ion 

(output).  Examples of outputs  from these controllers are: heat pump on,  mixing  

valve state  and circulat ion pump speed.   

 

5.2.4 The design improvement process 

As previously stated, the chal lenge in this design is to balance the confl ict ing 

requirements f rom the different energy supply units  and maximise the heat  

pump part icipation over the load. The improvement process was divided into  

four stages: Units  sizing, conf igurat ion improvement,  control strategy 

improvements and design refinement.  

 

Unit  Sizing  

The iterat ive process starts by simulat ing the orig inal design defined dur ing the  

feasibil ity  study: a 30kW biomass boiler  connected on the top of  the heat store  

and two 17kW heat pumps connected in series  to the bottom part  of  the heat  

store.  By observing the overall  load share during the year for each unit  and the 

different nodes temperature  through the tank in a  typical  week, i t  is  possible to 

identi fy inappropriate  unit  size. The results  from this f i rst iterat ion wi l l  define  

new units  s izes and possib le  changes into system conf igurat ion.  

System configurat ion 

A second stage in the i terative process wi l l  observe how dif ferent connection 

points  af fect the system performance.  Both annual  performance, generated 

through the performance assessment tool , and more punctual data, such as  heat  

store’s temperature through a typical  day, are ut i l ised to identify how the 

changes  may improve the system performance.  

System control  

The next element to be improved in the system is  the control strategy. Uti l is ing 

the data from previous s imulat ions,  control improvements are tested and 

compared against  each of  the  proposed system conf igurat ion.   
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Design refinement   

The previous stages give the designer information about how the system reacts  

to changes  into the  unit si ze , control and positioning. The last  system 

improvement stage wi l l  ut i l ise this  data to define f inal changes required to  

achieve an improved system. 

 

5.2.5 Result analysis 

Unit  siz ing 

After simulat ing the orig inal design, created through a simpli f ied energy system 

design tool  during the feasibi l ity stage,  it  was observed that the system capacity 

was overs ized for an effi cient hybrid configurat ion.  The detailed s imulat ion was  

indicated that the original design resulted into excessive  units  cycl ing  

(consecutively switching on and off)  and incapacity  to control  how much of  the  

load was suppl ied by each of the units .  The key issue identi f ied is  the fact  that  

the overs ized biomass boiler  brought the  tank temperature above the heat  

pump’s  operat ion threshold too fast , forcing it  to shut off due high return 

temperature.  By reducing the boi ler capacity to 30% of the orig inal va lue  

(30kW), the temperature through the tank became more controllable , al lowing  

the heat  pumps to operate  as  expected.   

System configurat ion improvement  

With the new biomass boiler  s ize ,  di fferent energy system configurat ions were  

compared against  themselves regarding total running costs and CO2  emission.  

The results  are presented at  F igure 31 where “B+HP X/x Y/y” means biomass  

boiler  f low at  node X, return at  node x,  heat pump f low at  node Y,  return at  

node y.  Because the  object ive of the project  is to offset  any emiss ion in the  

heating system by producing electr icity through photovolta ic panels , a 

s impli f ied approach, ut i l is ing SAP 2009 methodology to calculate the total  

electr icity generated per square meter of panel , was adopted. The f inal  area, in  

square meters,  required to offset  the heating system emiss ions is  shown in  

F igure  32.  
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F igur e 31  -Running co st  und er  d if f er en t  conf igurat ion s  

 

F igur e 32  -  Requ ir ed PV area  (m
2
)  to  of fset emi ss io ns
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Among the hybrid systems, configurat ions B+HP 3/10 – 12/20 and B+HP 3/10-

12/18 offered the best running cost  results  but diverged regarding total  CO2  

emiss ion levels .  The performance analys is  interface outputs  aren’t  detailed 

enough to better understand how these two conf igurat ions could lead to a third,  

more effect ive , system. For th is  reason, a detailed study on the tank temperature 

at  each configurat ion was carr ied out. The heat store temperature leve ls at  

different  nodes were  observed dur ing a  winter week.  

As seen at  F igure 33(r ight hand s ide) , by moving the outlet that  connects the tank 

to the heat pump away from the thermostat, the maximum return temperature 

through the heat pump is  raised to 50°C, compromising i ts  COP but al lowing i t  to  

run for longer  (ra ising its  share over the total  load).  This  indicated that the  key 

point  to maintain the heat pump COP under  control i s  to maintain the posit ion of  

thermostat  3 above the outlet  feeding the heat pump. This opt ion was 

implemented ( left  hand side  of F igure 33) and resulted in emiss ion levels similar  

to the  12/20 option but  with higher  heat pump share  of  the  load.   

 

Figur e 33  -  S imul ated in tern al  t emp era tur es  sho wing d if feren t  tan k stra t if i cat ion level  for  

d if fer ent  contro l  t hermo stat  lo ca t ion s  

Further result  analysis also shows that higher biomass load share results in lower  

emiss ions whi le higher heat pump share results into reduced running costs.  I t  is  

worth mentioning that so far  no restr ict ion was given regarding how often the 

biomass boiler  is  al lowed to run. As stated earl ier  in this  chapter it  is  desired to 

minimise the biomass participat ion due l imited fuel  storage space and fuel  price 
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volati l ity.  The next  group of simulat ions wi l l  adjust the system control and focus 

into minimis ing CO2 emiss ions by improving heat pump seasonal COP but 

restr ict ing b iomass boiler  participation to a  maximum of 70%.  

Control  Improvement  

Following the new object ives,  the  operation of  the units  was changed: 

•  With the tank charged and the energy units off ,  a thermostat at  its top 

measures the temperature.  Once thermostat  one detects a  value  below 52C, 

the  biomass boiler  is  act ivated 

•  Biomass boi ler  runs unt i l  thermostat  2 ,  between its  f low and return 

inlet/out let,  achieves  53°C.  

•  If  temperature  at  thermostat  3  is  below 36°C, the heat pump is  activated.  

•  The heat pump runs unti l  the  temperature  at  sensor 3 achieves 40°C.  

The main dif ference from the previous s imulat ion is  that  under the new control  

strategy the energy units  are operated independently.  The best conf igurat ion 

found is  i l lustrated below: 

 

 

Figur e 34  -  Hybr id  system conf igura tion  

Comparing the conf igurat ion above against  a heat pump only solut ion, the 

obtained average heat pump COP went from 3.1 (HP only)  to 4.2 , with heat pump 

share of the  load at  25% and, therefore, be low the target of at  least  30%, init ial ly  

set.  The COP ri se was driven by the fact  that under this conf igurat ion, the heat  

pump is  operated at  a s ignif icantly lower temperature with f low values hardly 

above 45  ⁰C, as  shown below. 
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Figure  35  -  Int erna l  tan k  t emp eratur e – HP retur n temp era tur e con st ant ly  b elow 36⁰C.  

To achieve 30% load share target ,  new s imulat ions were conducted for the 

summer period, the biomass boiler  is kept off .  This  small  change brought the heat 

pump load share to 45% but affect ing its average COP, now at  3.8. The system 

efficiency was affected by the fact  that , during summer, the heat pump does not 

act  as a pre-heater,  forcing it  to operate at  temperatures around 55⁰C, as 

required by the  hot  water  demand.   

Design ref inement 

The previous s imulations were ut i l ised to g ive the designer  better understanding 

about how the system reacts to changes in the unit  s ize,  control and posit ioning.  

Al l  this information is  now uti l ised to def ine a f inal  system design.   Maintaining 

the system configurat ion and control uti l ised in the last  sect ion,  a new unit  s ize  is  

proposed.  

 New heat  pump capacity –  10kW 

New biomass  boiler  capacity –  7.5  kW 

With a capacity 75% below the orig inal , it  was possible to run the biomass boi ler  

at  i ts  rated power and gradual ly reduce i ts  capacity in order to maintain i ts f low 

temperature always around 65⁰C ( instead of 90⁰C seen before) ,  making the tank 

temperature more control lable. Running the new hybrid b iomass/heat pump 

system through the entire year granted an average COP of 4.3 with heat pump 

load share of 43%. With the heat pump being the exclusive heat source dur ing 

summer, the  average COP dropped to 3.9 but share  of  the  load rose to 55%. 

Both cases above meet the 30% minimum heat pump share target  defined earl ier.  

As observed in the f irst  group of simulat ions,  if  prior ity is  g iven to reduced 

running cost,  the solut ion with higher heat pump share should be adopted.  If ,  

otherwise, lower CO2  emiss ion levels  are expected, the solut ion providing higher 

biomass boi ler  share  over the load is  the  appropriate solut ion.  
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5.2.6 Simulation review 

 

This hybrid system may be an alternative to designers looking for a  balance 

between running costs and CO2  emiss ion levels .  The main challenge involving such 

system proved to be the management of d if ferent ideal operational temperatures.  

The “pr iority” technique ut i l ized by some s impler energy system analys is tools 

such as E.Pro or RETScreen, where the amount of energy supplied by each energy  

unit  fol lows thei r rated capacity and prior ity status,  could mislead the designer 

that higher heat pump shares could be reached. It  was observed that , regardless  

the unit s izes , badly posit ioning of the biomass boiler ’s inlet  and outlet  in the 

tank may force the heat pump to constant ly operate at  high temperature leve ls ,  

which affect i ts  ef f iciency and may lead to the heat pump shutting down due to a 

high pressure fault  (high temperatures  through condenser) .    

 The capacity to observe the temperature changes through short  time scales was 

key to understanding how the biomass boiler  operational temperature would 

inf luence the heat pump performance and how different targets could be achieved 

by either reposit ioning the energy units  through the tank or changing the control  

methodology.  
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5.3 Case Study Three- Ground source heat pump 

combined with solar water heating panels. 

5.3.1 Introduction 

The previous case study ut i l ised detailed s imulation to improve the design of two 

low carbon technologies combined through a heat store. A key characterist ic in 

that  system is the fact  that only one of the ut i l ised energy units , the heat pump, is  

sensit ive to changes in the temperature levels through the storage tank. This last 

case study differs from the previous  by combining together two technologies 

sensit ive to tank temperature levels: A ground source heat pump and solar water 

heating panels .  Both energy units  benefit  from colder water f lows, which make 

f inding the optimum balance between heat  pump and solar water heating panels ’  

effi ciency the  challenge to be  overcome.   

Once more,  the  system improvement exercise shal l  minimise any CO2  emiss ion 

related with the  heat  pump’s  operation by reducing the  heat  pump share over the 

load and by maximising its  ef f iciency.  

5.3.2 The energy system 

The energy system follows a s imi lar configurat ion described for  case study two, 

differing in the fact  that  the biomass boiler  is  subst ituted by an array of solar  

water heat ing evacuated tubes instal led on the top of  the  energy centre.  

Addit ionally,  the  8000 L heat store  is  provided with a group of  automated valves 

that al low the connection points  between the energy units/loads  and the tank to 

be changed on demand (F igure 36).  It  is  possib le to , for  example, move the heat  

pump’s  f low and return inlets and out lets from the upper volume of the tank to 

the bottom part  without interrupt ing its operation.  This  feature  is relevant due 

the fact that , unl ike in the previous case, both energy units benefit from colder 

water f lows, usually  found in the bottom parts  a strat if ied storage tank.   

Tradit ional hybrid configurat ions p lace the solar water heating panel connections 

through the bottom of the  storage tank, pr iorit is ing i ts ef f iciency over the heat 

pump’s.  Although it  may indeed be reasonable during sunny periods,  in the event 

of no or low radiat ion (common in  UK) the reduced heat  pump performance may 

compromise system’s eff iciency.  This happens due the fact  that , unl ike a gas or  

biomass boilers,  that  can operate at  f low temperatures as  high as 90
o
C, the heat 

pump maximum operating temperature, 55
o
C, is already close  to the minimum 

temperature  al lowed in the tank, 50 oC.  Below this  value the heat  exchangers and 

radiators  inside the  propert ies  are  unable  to del iver heat at  the required rate.   
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The heat pump l imitat ion means that less energy can be stored per m
3
 of  water  

and therefore moving the heat pump’s connection points  towards the  top of  the 

tank wil l  have a signif icant impact on the amount of energy stored and how often 

it  wil l  need to be replenished. Be ing able to move the heat pump’s connection 

points  depending of  expected weather may have a  posit ive impact on system’s 

performance and wil l  be  explored dur ing the s imulat ions .  

 

Heat Pump

P-60

P-65

V-28

V-30P-73

P-50

V-36

V-35

P-74

P-50

Solar Panel

Storage tank

Solar panel flow pipe

Solar panel return pipe

Heat pump return pipe

Heat pump flow pipe

V-49

V-50

V-51

V-52

 

F igur e 36-  Dyna mic co n nect ion la yout  

 

5.3.3 The energy system model 

Although most of the energy system remains the same, the addit ional features in 

the tank and the consequent ly required controls added cons iderable complexity to 

the  system as seen at  F igure  37.  
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Figur e 37  -  Case study 3  model  
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The new elements in  the energy system are  described below: 

The solar  panel model 

Util is ing the performance data from a popular manufacturer , the TRNSYS model  

type 538 simulates an evacuated tube solar heating system installed over the 

energy centre and connected to the heat store.  The array size is  l imited by the 

amount of roof space available over the energy centre,  al lowing a 20m
2
 array to 

be insta lled. At 2m
2
 per property the total area isn’t  particularly high when 

compared against typical installation in the UK (CIBSE, 2007) and therefore the 

simulat ion won’t  consider  smaller  array s izes.   

Immersion electric  heater  

All  simulat ions include a 10kW electr ic immersion heater in the upper part  of the 

tank. Unless otherwise stated, it  wi l l  become act ive whenever the temperature 

metered at  node 1 is below 50°C, ra is ing it  up to 52°C before switching itself  off .  

This heater wil l  act  as  backup in case the heat pump is not able to maintain tank 

output  temperatures at  desirable levels .  

Basic control  

Although suscept ible to changes as the improvement process starts , the original  

system control  follows  the strategy below: 

•  Heat pump switches i tself  on whenever the temperature at node 3 (upper  

part  of the tank)  is  below 50°C 

•  Once on, the heat pump monitors the temperature at  the node above the 

one connecting the tank to the heat pump’s return pipe. The system 

switches off  once the temperature at th is node achieves 54°C, providing 

overheat ing protect ion to the unit .  

•  The solar panel  pump is  off  unti l  the  temperature  difference between the 

node in the tank from where it  draws water and the water ins ide the panel  

is  above 8°C.  

•  Once on,  the pump operates unti l  the  temperature di fference between the 

points  descr ibed above reaches  2°C.  

•  Whenever the temperature at  node one (from where water to the load is  

drawn) drops below 50°C, the 10kW immersion heater  is  act ivated. Once 

this  temperature  is  raised to 52°C the unit  is  once  again switched off.  
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5.3.4 The design improvement process 

The improvement process aims to reduce CO2  emiss ions and once again wil l  fo l low 

the structure described in the previous case study. Detai ls  about each stage are 

shown below: 

Energy unit  siz ing 

The fact  that the heat pump is the only energy unit  in the system able to supply 

heat on demand is a  l imit ing factor regarding how i t can be s ized.  The heat pump 

output must supply al l  the heating demand during winter conditions, assuming no 

solar  part icipation.  

S ince the roof area is  restr icts the s ize of the solar panels , it  wil l  be assumed that 

the whole 20m2  roof space is  ut i l ised. This  may be reduced in the unl ikely event 

that  signif i cant  energy surplus is  observed.  

System conf iguration 

A second stage in the iterat ive process wil l  assess how different system 

configurations affect  the system performance.  Both annual performance,  

generated through the performance assessment tool ,  and more punctual  data,  

such as heat store’s temperature through a typical day, are ut i l ised to identify 

how the changes affects  the system. This information is ut i l i sed as guidance 

regarding possible  control  improvements.  

Control  Improvement   

The control improvement process wil l  focus on the system’s abil i ty to change how 

the energy units are connected to the storage tank.  Based on the results from the 

previous stage,  poss ible control strategies wi l l  be defined and implemented. In a l l  

cases ,  reduced CO2  emiss ion is  the  main object ive.  

Design ref inement 

The previous stages wi l l  give the designer information about how the system 

reacts to changes  into the uni t s ize ,  control  and posit ioning. The last system 

improvement stage wi l l  uti l ise this data to define f inal changes required to 

achieve an improved system.  
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5.3.5 Result  analysis 

Units  siz ing 

As described in the previous sect ion, the original design assumed the uti l isat ion of 

two 17kW ground source heat pumps, connected in series to the storage tank, into 

which a total  of  20m2  of  evacuated tubes are a lso connected, as  i l lustrated below. 

 

F igur e 38  – Energy  system conf iguration  (HP + Solar )  

The f irst results  indicated that the presence of the second heat pump made the 

system signi fi cantly oversized, result ing into substantial  cycl ing even dur ing 

winter. By reducing the unit  s ize to 17 kW the cycl ing issue was reduced but,  

dur ing peak condit ions,  the 10kW immersion heater became necessary. The 

performance of  both systems can be compared below 

 

 2x 17kW Heat  Pu mps  1x  17  kW Heat  Pu mp  

Annual CO 2  emiss ion 5.2  Tonnes  6  Tonnes 

So lar  en er gy con vert ed  12 MWh 12  MWh 

HP Average COP 3.2  3 .2  

Tab l e 4  -  System p erfor mance -  hybr id  so lar  + heat  pump  

 

 

 

 



 

  2x 17  kW HP system

F igur e  39  -  Shar e  of  ene rgy  supp l ied  by  ea ch en erg y un i t

Considering that  any emitted CO

emiss ions is a s ignif i cant increase

solut ion, on the other hand,

cycl ing (as  described at  case study one

heater back up option wil l  be 

shal l  be improved a iming to minimise

Configuration improvement

 

Ut i l is ing the unit  sizes  defined in the previous stage, 6  di fferent system 

configurat ions were s imulated

the assessment interface tool  and more punctual data, such as  tank temperature 

profi le through a typical  week,  are  ut i l ised to 

each arrangement.   

2x 17  kW HP system    1x 17 kW HP system

 

Shar e  of  en ergy supp l ied  by  ea ch en erg y un i t  

Considering that  any emitted CO2  wi l l  be offset  by photovoltaic panels ,  15% 

increase in the total CO 2  levels.  The two heat pumps

solut ion, on the other hand, may affect  the rel iabil ity  of  the units due excessive  

as  described at  case study one).  To avoid  it ,  the heat pump and electr ic  

heater back up option wi l l  be maintained and system configurat ion and control  

to  minimise immersion heater  ut i l isat ion. 

Configuration improvement 

Util is ing the unit  si zes defined in the previous stage, 6  different system 

configurations were s imulated. Overal l  system performance, generated through 

ce tool and more punctual  data, such as  tank temperature  

profi le  through a typical  week, are ut i l ised to ident ify the benefits  brought by 
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1x 17 kW HP system 

 

wi l l  be offset by photovoltaic  panels ,  15% more  

two heat pumps  

may affect the rel iabil i ty of the units due excess ive  

he heat pump and electric  

maintained and system configuration and control  

Uti l is ing the unit  s izes defined in the previous stage, 6  different system 

. Overal l  system performance, generated through 

ce tool and more punctual data, such as tank temperature  

identi fy the benefits brought  by 
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F igur e 40  -  Connection  p oints  

 

Results discussion 

Focusing on the CO2  emiss ion levels ,  the results indicated a difference of 6% 

between the best  case (number 6)  and the worst  (conf igurat ion 5).  By analys ing 

the tank temperature prof i le for each case and how it  affected the behaviour of 

the energy units , it  became possible to understand which variables contributed 

towards system eff iciency and which reduced it.  For example, i t  was noticed that 

by plac ing the heat pump at the top of the tank (conf igurat ion 2), the system 

became able to better react against  temperature drops. This is  due the fact  that,  

being closer to the top, maintained at  about 55⁰C, the temperature of the water 

circulat ing through the heat pump’s return pipe remained at  around 50⁰C. The 5⁰C 

temperature  r ise , defined by the heat pump’s  rated water  f low and power output,  

was enough to del iver heat at  the required temperature as soon as it  started to 

operate.  By moving the return pipe towards lower parts  of the tank, colder water 
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circulates through the heat pump when it  starts  to run. It  means that the heat 

pump flow temperature (water leaving the heat pump) wi l l  take longer to reach 

the expected 55⁰C, result ing into slower  reaction t ime and therefore more 

frequent intervent ion from the backup unit.   

Another feature observed was that, by placing the heat pump in the bottom part  

of the tank, it  was possible to store s ignif icantly more energy.   By compar ing 

configuration 2 and 6 i t  was observed that , at  the f irs t , whenever demand was  

above 17kW, the electr ic heater  had to act .  However,  with configuration 6 , due 

the larger amount of stored energy, the auxi l iary heater was just  required dur ing 

days where the average demand was part icular ly high, short  peaks of demand had 

no impact on system performance. For the simulated load, the larger storage 

capacity proved more important than fast  react ion to peak conditions. This  

resulted into configuration 6 present ing the lowest auxi l iary heater part ic ipation 

of a l l  the options,  which was key to the lower CO2  levels  observed. 

In a l l  cases , maintaining the outlet feeding the solar panel at the bottom of the 

tank resulted into higher energy convers ion. 

 

Figur e 41  -  Suppl ied energy  by uni t  and source –  Conf igurat ion 6  

 

Figur e 42  -  Suppl ied energy  by uni t  and source –  Conf igurat ion 2  

A natural question would be how sens it ive are these solut ion to changes in the 

load profi le (which could be caused by user behaviour changes resultant from new 
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customers moving into one of the propert ies, for example).  By reducing the peak 

to 80% from the original  value it  was observed that  more even load profi les , such 

as the ones seen in cont inuous heating systems, did not benefit so much from 

configuration 6, making conf igurat ion 2 a better match. On the other hand, i f the 

peak demand was  20% higher,  configuration 6 became considerably better than 2.   

It  may be concluded that the system performance is  very sensit ive  to the load 

profi le.  

 

Figur e 43  -  Impact  of  user  behaviour in  l oad pro f i le ( case study  one)  

The next  stage in the improvement process wi l l  uti l ise the information gathered in  

the previous simulat ions to create a control  strategy able to minimise the system 

sensit iv ity to changes in the load.  
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Control improvement – Dynamic configuration 

 

The simulat ion process at  this stage wi l l  focus into the control  of  the motorised 

valves connect ing the energy units  to the different connection points  in the tank.  

The object ive of the improvement process at  this stage is to reduce system 

sensit iv ity to load changes  and reduce overall  carbon emission.  

 The poss ible control  strategies can be divided into two main groups: the f irst 

al lows only the f low pipe of the heat pump to move up (or down) through the tank 

(represented at  F igure 44).  The second option, which proved to be more eff icient,  

moves both connection points  (represented at  F igure 45) .  

 

 

F igur e 44-  Dynami c co nf igurat ion 1  
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F igur e 45-  Dynami c co nf igurat ion 2  

The best  control  strategy developed combines the st rength from the previous 

sect ion’s  conf igurations 2 and 6.  During low demand periods ,  the energy storage 

capacity is maximised by moving the heat pump’s f low and return pipes towards 

the bottom of  the tank during low demand periods. During high demand periods,  

the heat pump is moved towards i ts  top, giving the system a better response to 

sudden temperature  drops.   The control  is  described below: 

•  The solar panel is  kept connected at the bottom part  of the tank and its  

pump is  act ivated whenever the dif ferential  control ler  detects a 

temperature  difference above 5°C between the node from where water is  

drawn and the water  in the panel ’s surface. The system is switched off  

when this  dif ference drops to 2°C.  

•  The heat pump is a l lowed to connect to the tank at  two different pos it ions,  

depending of the “mode” at  which it  is  operating:  

o “Recharge mode”: Once at  the afternoon and once at evening, 

periods where lower  or no demand is  expected, the heat pump 

connects to the bottom part  of the tank, running unti l  the 

temperature measured at  node 7 (middle part of the tank) reaches 

55⁰C.   

o “Standby mode”:  After leaving the recharge mode, the heat pump 

connects to the top part  of the tank, measuring the temperature at 

node 2.  Whenever this point  reaches values below 50⁰C, the heat 

pump is  switched on and is  kept running unti l  it  achieves the 

temperature  of  54°C.  
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F igur e 46-  System conf i gurat ion duri ng "recharge " and "standby mode" 

Under this conf iguration the system performance is maintained regardless of 

changes in the load profi le.  It  was also observed that , although the electr ic heater  

part icipation reduced to virtual ly zero, the new control had a  sl ight negative 

impact on how the solar panels  perform.  The picture below compares the energy 

suppl ied by each energy unit  at  three different system configurations.  

 

 

F igur e 47  -  Energy unit s  share o ver  the lo ad for  ea ch of  the s imulated  design  
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The phenomenon observed under the “Dynamic” configuration can be explained by  

observing the system behaviour at shorter per iods of t ime.  In the previous 

simulat ions,  unless the morning demand happened to be high, the tank would not 

recharge due the fact  that the temperature  at higher  nodes did not drop enough.  

The new conf igurat ion, on the other hand, maintains the tank average 

temperature considerably h igher due the pre-set  recharge times, which ignores 

the fact  that , on a sunny day, one of the recharges may actually not be necessary.  

This is exact ly the issue current ly seen in many solar water heating systems within 

the UK, as  described at chapter  3.  

The next and last  stage wil l  combine the results from the previous  one to achieve 

a f inal ,  refined design.  

Design ref inement 

Although the design improvement process only considered control strategies that 

would not change throughout the year , for the studied case i t  is  reasonable to 

divide the design into two periods: The f irst , where high level of  solar radiat ion is  

expected and, therefore, it  is  sensible to pr ior it ise solar panel performance and a 

second one,  where heat pump performance becomes more important.   

Taking this into account , the dynamic control  descr ibed previously was changed.  

During the expected high radiat ion period (F igure 48) , the heat pump wi l l  be 

placed into “recharge mode” only once a  day, during early evenings.     

 

 

F igur e 48  -  Low and h igh radiat ion p eriods  

 

During the low radiat ion period, the heat pump behaves as  before, recharging the 

tank twice  a day and moving into the “standby” mode during the remaining 

period.   

Because the peaks during this period are  considerably lower, having the heat  

pump most ly at backup mode does not result  in a r ise on the electr ic heater unit  

part icipation as seen in some of  the conf igurations  from previous  analysis .  

The new system performance can be seen next.   



80 

 

 

 

 

Figur e 49  -  New system with  seasona l  contro l  

Comparing the results  against the configuration without  seasonal control i t  was 

possib le to observe a solar share improvement of about 6% or 700 kWh. 

Comparing it  against  the solut ion presented dur ing the unit  s iz ing stage, the total 

CO2  reduction is  around 13%, as  shown in  the table below:   

 

 CO2 emiss ion  HP COP  

 D ynamic  conn ect io n and 

s eason op t i mis ed  contr ol  

5100 kg  3.3  

Dynamic  conn ect ion n o seas on  

opti mis ed c ontrol  

5250 kg  3.2  

Stat ic  conn ect ion  and no seas on 

opti mis ed c ontrol  

5900 kg  3.2  

Tab l e 5-  System p erformance in  d if f er ent  conf igurat ions  

 

5.3.6 Simulation review 

Dynamic s imulation proved to be a powerful tool for  system improvement.  

Although the or iginal design, considered here at  the feasibil ity stage, def ined the 

direct ion the system should fol low, the extra f lexibi l ity and amount of variables 

that could be analysed by a software l ike TRNSYS al lowed not just a 13% CO2  

emiss ion reduction but also improved system re liabi l i ty by reducing its sensi tivity  

to load changes.  

Although the f inal  configuration may be too complex to be appl ied at  individual  

residentia l  systems,  i t  does provide valuable information that can st i l l  be ut i l ised 

by manufacturers  and instal lers.  One example  is the improvement brought by 

changing the heat pump “recharging” behaviour between summer and winter  

periods when connected to hybrid systems where solar  water panels  are present.  
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6. Conclusion 
Under  the current stringent energy eff iciency legislat ion environment, hybrid 

energy systems are powerful  tools in the chal lenge of achieving high renewable 

targets without compromising system rel iabi l ity and user experience. This  

dissertat ion identi fied a number of  common problems in the design of tradit ional 

hybrid energy systems which could have been either solved or avoided i f  

appropriate des ign methodology and tools  were uti l ised in the early stages of the 

project.  A key issue identified was the ut i l isat ion of simpli f ied energy system 

modell ing tools to analyse systems where the large amount of renewable  energy 

actually requires the use  of detai led s imulat ion tools ,  as  they can cope with 

volati l ity of renewable energy suppl ies  and the mixing of  different qual ity 

(temperature) thermal sources with a thermal buffer, common in many hybr id 

systems.  

 It  was recognized that one of the main challenges in the adoption of detailed 

energy system model l ing as  part  of a design process i s the amount of time 

required building such systems.  This observation lead to the creation of a design 

methodology divided into two stages. The f irst ut i l ises s impli f ied energy system 

design tools to f i lter  the possible solut ions that may be taken to a more t ime 

consuming stage, the detailed modell ing one. During the detailed modell ing stage 

a detailed model of the energy system is  created and taken through the proposed 

iterat ive  process (f igure 49)  to improve system performance.   

Fe
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Figure 50  -  Ut i l i sed methodology 

To further s impl ify the design process a performance assessment tool ,  able to 

translate the t ime series  generated during detailed s imulat ion into a format that 

the designer can easi ly  understand, was also created.   
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Figur e 51  -  Examp le of  three  d if f er ent  des igns compar ed through o ne of  the p erformance 

assessment  tool  output  

The detai led energy system design methodology was applied to three designs 

original ly created through simpl if ied energy system design tools .  The f indings and 

benef its brought by applicat ion of detai led model l ing in such systems are 

observed next .  

 

6.1 Heat pump system sizing and control 

optimisation 

 

The proposed methodology was ut i l ised in the process of  siz ing a typical  

residentia l  heat  pump system in  the UK.    

Through the appl icat ion of  detailed s imulat ion and the proposed methodology, i t  

was observed that current standards , based on steady state analysis , do not 

cons ider the impact that the customer behaviour and expectation should have in 

the system design. The dynamic s imulation showed that a mismatch between what 

is  being s ized and how the system is  used can result  into overpriced energy 

systems and reduced l ife  expectancy.  

Addit ionally,  the detailed model  suggests that the operation strategy that best  

matches the design resultant from current standards isn’t  the same identif ied by 

the Energy Saving Trust’s  tr ial  as  the one passed to the customers. The detailed 

analysis  highlighted how this mismatch affects both customer experience and 

system rel iabil i ty.   
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6.2 The biomass and heat pump system 

The detai led analysis  of a hybrid biomass boiler  and a ground source heat pump 

system highlighted the fact  that the orig inal  design, made with a s impli f ied energy 

system des ign tool , overlooked the influence that the different energy units ’  

operational  temperatures could have into the energy system performance. The 

dynamic s imulat ion revealed that the or iginal  units ’ s ize and control  parameters 

did not al low the appropriate uti l isat ion of the heat pump and, therefore, 

achievement  of pre-defined operat ion targets.   

After a series of improvements the f inal design was able to meet al l  the pre-

defined targets  and a lso made the system flexible to eventual object ive changes 

(such as,  for example, lower running costs  or CO2  emissions).  

  

6.3 The ground source heat pump and solar water 

heating system 

The detailed simulation process also al lowed the development of a series of 

designs able to improve the eff iciency and reliabil ity of a hybrid  heat pump and 

solar water heating system. It  was observed that by taking advantage of the 

storage tank strat if icat ion and conditioning the control system to the weather 

condit ions , it  is  possible to achieve CO 2  emissions up to 13% below more 

tradit ional designs.  The iterative process also showed that by changing the 

pos it ion at which the heat pump connects  to the storage tank based on expected 

demand and solar radiat ion, i t  is  possible to signi f icantly reduce the required heat 

pump size and system sens it ivity to changes into the load.  This  would be 

impossible  to achieve without  appropriate  use of detai led s imulat ion.   

 

6.4 Detailed simulation importance into the 

design of hybrid systems 

The three case studies confirmed what was presented in  the f irst  chapters: the 

high sensit iv ity to environmental conditions makes the ut i l isat ion of detailed 

energy system design tools a necessity when improving a hybr id system design. 

This constitutes a  chal lenge to the current  market.  New methodologies and tools 

compatible  with the requirements of  the new systems must be introduced and 

made mandatory.  Ignoring such fact  wil l  have a negative impact in  the adoption of 

hybrid systems with high renewable penetrat ion due bad performance resultant 

from the l imitat ions imposed by the chosen design methodology and, therefore, 

bad design.  
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6.5 Future work 

 

It  was recognised that developing a detailed dynamic s imulat ions to every s ingle 

new project may be commercial ly unfeasible. The development and uti l isat ion of 

the system performance interface tool was a good step towards minimising this 

chal lenge. The next step may be to, once the design process described at chapter 

three reaches its final stage, convert  the resultant design into a template with 

friendl ier  user interface and pre-set  back ground data. Future designs may then 

start  from this  template and apply minimal  adjustments as  required.  

The energy system dynamic design presented at  chapter f ive , combining a heat 

pump and a solar water heating panel , resulted into a very robust system but with 

potentia l ly  complex implementation. An interest ing future work would be to 

analyse how feas ible is  the implementat ion of such system in smaller residential  

applicat ions where the heat pump could cycle between top and bottom coi ls in a 

hot  water tank depending of  the expected demand. The success of such analysis  

would be of great value towards the uptake of both technologies in the residentia l  

market and could potentia l ly minimise problems such as the ones described at 

chapter three.  

The design developed dur ing case study one should be extended to different 

property types and weather condit ions.  The results  could have s ignif icant impact 

into how heat pump systems should be s ized in the United Kingdom. Current 

methodology defined by MCS standard (DECC, 2010) ut i l ises steady state values  

and part icularly low external  design temperatures . As mentioned in the study, th is  

may be leading to e ither oversized systems and/or  future  reliabil ity issues.  

F inally, once the energy systems that originated the designs here presented are 

f inalised, a val idat ion process may take place and would be of great value towards 

the design of simi lar  future  hybr id  systems.  
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