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b.  The heat source has slightly higher temperature than the water [rom the net (and stable through the
vear) and high variability.

In order to deal efficiently with the characteristics of the heat sink of this kind of system transcritical CO2
systems or subcritical with subcooling control systems has been used and usually they work against a tank
which could absorb the variability. Regarding the other point, it is not so widely analysed in the litreature, heat
pumps arc able to work properly with the temperatures of the heat source and also a tank could respond to the
variability of this source but based on the temperature level to include in the system a heat exchanger
recuperator will increase the efficiency of the sysiem. Considering all these [actors, at this point, the most
critical point about this part of the system is related with the amount of energy available and the optimum way
to use it in order to satisfy the demand.

The control strategy plays a key role on the system efficiency. Most works dealing with HPs use pre-
defined schedules function of electric tariffs and base their design on that, hiding the real potential of a HP
system or even deteriorating the performance by simply avoiding energy aspects|3 ). Furthermore, the solutions
obtained in that way may be specific just for a specific case. For instance, in [4] the operation of the heat pump
is directly driven by the off-peak electricity period or in [5] the majority of the production also takes place in
these periods. In [6], the authors analyze under an energy and economic point of view the impact of the
operation control of a HP-photovoltaic system concluding that the optimization of energy factors results in a
degradation of the economic factor and viceversa. An approach to maximize the energy efficiency and then
couple it with specific economic aspects may be more interesting.

The aim of this work is to analyze the influence of the available waste energy in the energy consumption
of a DHW system based on heat pumps. To do so, a thermodynamic analysis of the most suitable system able
to produce hot water depending on the heat source characteristics is done. As a proof of concept. 20 dwells
have been used as an example to develop the proposed methodology. The study considers first an infinite
availability of heat source. Therealier, a finite but constant profile of grey water has been taken into account
and finally, profiles based on the grey water produced by the dwells are studied and compared to previous
cases.

The considered systems are composed of a heat exchanger regenerator, two water tanks and a heat pump
using the control of subcooling to optimize the efficiency working with high water temperature lift in the
condenser. The study includes the sizing of the different components (heat pump, recuperator, tanks) and the
delinition of the optimum control strategy of the system. The obtained results allow quantifying irreversibility
added to the system by the use of low-grade heat sources, gives some guidance about its potential that could
be used in other works and supplics an estimation about the expected differences in energy consumption
associated 1o the system design and waste heat availability.

2. Mcthodology
2.1 Heat sink and heaf source characterization

This study focuses on DHW production for residential sector. Thus, the heat sink is the end-user hot water
demand. A yearly profile for 20 dwellings generated with the stochastic model, DHWcalc |7],  has been used.
The selected time step has been of | minute. This profile includes an estimation of socioeconomic factors and
it has been validated with SynPro[8]. The profile is the same as the one used in [9]. The reader is referred to it
for further details.

The daily DHW demand is 54.1 L. of water at 45°C per person and per day. This represents an annual
average energy consumption of 576kWh (for a net water temperature of 10°C). That is, an average water
consumption at 45°C of 105.5 litre per apartment and a total mean water consumption of 2110 litre/day (for 20
dwells). The profile for the water inlet temperature has been determined following the methodology proposed
in [10] and used in [8] based on Eq. 1.

— 2m
Thet = Tamp — 3 - cos (ﬁ (nday - nrirlys,off’ser)) )

Where T,

is the offset, set according to the coldest day of the year.

Regarding the heat source, the grey water production from 20 dwellings has been considered. Grey waler
includes all water consumptions in a housc except that from toilets (black-water) collected before the gencral
sewage system. Duc to the scarce information about grey water in the litreature, the estimation of the profiles
and its characteristics have been done based on the total average water consumption, the end-use, the typical

is the mean ambient temperature (10°C), ng,, isthe day of the yearand  nyqus0rrser

454 .



13th IEA Heat Pump Conference 2020

temperatures according to its use, the characterization of the DHW load profile and data found in literature.

Germany has been considered as the reference country for the grey load profile used. Furthermore, as the
consumption in this country is rather conservative compared to other developed countries, for the potential
estimation of heat recovery, which will imply that the obtained results would be conservative, According to
[11], the average drinking water consumption in Germany is 123 litre per day and person (240 litre per day
and apartment). The final end-mix for the grey water is based on [12]: 15% to shower, 25% to bath, 30% to
flush the toilet, 13% to the clothes washing machine, 7% to dishwasher, 6% to hand wash, cleaning and
gardening and 4% destined to cook. That is, grey waler represents 70% of the total drinking water consumption
(168litre per day and apartment).

Furthermore, both streams, DHW and drinking consumption, are related in terms that all DHW mass flow
would be part of the grey water. Hence, as the daily average DHW consumption per household is 105.5 litre
at 45°C, the rest would come from the other uses excepl, toilets.

On the onc hand, the grey water from DHW water has been considered to follow the same profile as the
DHW but onc-minute delayed (time considered between the hot water consumption and its availability as a
grey source). These MMows have been increased with drinking water (net water) up to the user final temperature
demanded (45 °C).

On the other hand, a profile representing the use of clothes and dish washing machines has been generated
with DHWcalc software. Average flow rates, frequency and temperatures have been estimated according to
the work presented in | 13] and the mentioned drink water consumption.

Table 1 collects the main inputs used in DHWcalc software for the characterization load profile of the
clothes and dish machines. An average consumption of 960litre/day, 20 dwells with a daily probability function
based on a step function for weekends and weekdays, a 120% probability weekday/weekend and seasonal
variations are accounted by means ol sinusoidal function have been considered.

Table 1: Drink water use in appliances that do not require DITW inputs for DITWecale.

Draw-ofT End-use temperature Mass flow Duration Probability
type [’C] [lpm] [min] [%]
Dishwasher 65 4.8 1 11
Hot rinse 50 4.2 1.5 15
Cold rinse 45 3.6 1 9
Cloth washer 37 10.2 3 63

From the available data, the authors consider as good estimation the values of the hot water temperature
used in the work presented in [13] which have been obtained from a wide literature review and experimental
measurements. Table 2 collects the temperature of the end-user used in this work for both types of streams.

Regarding to the temperature of the grey water at the drain, a drop of 7K from the end-user temperature
has been estimated regardless the nature of the consumption. This value is based on the most conservative
study performed [14].

The grey water load profile is obtained aggregating the DHW prolile with one-minute delay, the profiles
of the clothes and dish washing machines with a thirty-minutes delay generated with DHWcalc and mixed
with cold water until the end-use temperature for an annual time-frame and one-minute step time. An average
daily grey water availability of 3360litre (168litre/apartment) and an average grey water temperature of 32.8°C
is obtained out of that mix.

2.2 Model description

Figure.1 shows a scheme of the main components, water flows and average temperatures of the system,
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The performance of the system (COPgypem) is calculated according to Eq. 2

COPgystem = Energy/Electric =

t=simulationtime @
j (QSTpr_out)f(m_corr + Z %umps) -
t=0

One should notice that the “useful energy” supplied by the system is the result of the heat exchanged in
the HE and the heating capacity of the HP after the ST losses.

The scheme of the used control algorithm is presented in figure 5 (right) and it is based in the minimization
of the time that the water is stored in the tank.In that figure ¢ is the minute simulation time within each hour,
Tsr, Level, a, Vol, Teer and maxlevel refer to the DHW storage tank while subscript gw is used for conditions
related to the grey water storage tank. It should be pointed out that once the HP is operating and while there is
enough availability on the grey waler storage tank, it keeps in the ON mode uniil the maximum level of the
tank is reached or, in case it was already at that level, it keeps recirculating until the set point temperature (Tset)
isreached. The used comfort criteria are based in two conditions, satisfy the demand 99% of the time and do
not allow more than one-minute shortage at the same hour daily.

3. Performed Studies

Three cases based on the grey water conditions have been investigated and compared:
a) Infinite availability of grey water,
b) Finite availability of grey water and constant in time
c) Finite availability of grey water and no constant in time

According to [9]. there is a set of system combination (size of the system componets and control) resulting
in similar performances. Taking this point into account, the conditions b) and ¢) will be analysed in more detail
for the solution corresponding to the smaller heat pump size (scale) and the solution with the smaller ST sizes
(STpuw). Grey water energy available along the vear is the same for the case 2 and 3 (the only change is when
this cnergy is available). Table 2 shows the main inputs, variables used for limited myg., availability based on
the profiles of Tu, Tyey and M., presented in the methodology section.

Table 2: Man mputs used i cach case

Toe Taw GWavait Co
[*C] [°’C] [-]
1 Infinite grey 10 33 o0 10
2a Finite, Scaley 10 33 Constan 2.27
1
2b Finite, ST dhwmin 10 33 Conslan 227
t
3a Design cond. Scalewin 7 25 Constan 233
t
3b Design cond. STauwmin 7 25 Constan 2.33
{
3c Real cond. Scalew Profile Profile Profile Opt.
3d Real cond. STamin Profile Profile Profile Opt.

a) Casc 1: Infinite availability of grey water

This case will define the base casc in order to evaluate the constrains imposed by limitations in the heat
availability for the rest of the analysis. The methodology followed in [9] has been used. Notice that infinite
availability of the heat source leads to the absence of the STy, and its derived variables.

Parametric studies have been done in order to obtain the map of possible solutions and the set of optimal
combinations (heat pump size, Tank of DHW, alpha) that lead to minimum CO2 emissions satisfying the DHW
demand under the comfort levels and operating constrains.

Figure 3 shows (he parametric studies performed over the difTerent design allernatives (heat pump size,
storage tank size and control algorithm) for the available grey heat source (optimal Myevsp). This matrix
comprises more than 4000 simulations
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s The systems with a variable grey water availability could increase significantly their efficiency if the
design conditions are based on the real profiles instead of the most critical conditions. With that design
criteria, the decrease on the performance is only 2% compared to the case with a constant availability of
grey water (casc 2).

o The system is can work only with energy recovered from the heat pump, and the advantage of this type of
system is higher when the ambient temperatures are lower.

Finally, a great potential of grey water used as a heat source for DHW production based on SHP has been
demonstrated. When the system is properly designed and adapted to real availability and demand profiles, it is
able to supply the required energy for water heating purpose only using only the grey water produced by the
dwelling with high efficiency. In fact, only with the extraction of 60% of the available energy all the production
can be satisfied for the example analysed in this work and all the used energy is energy recovered from the
grey waler source, Comparing this case with the case in which this energy is extracted from a heat pump of
the same characteristics but using the air as a heat source. the potential savings derived from using the grey
water are higher than 40%,

Nomenclature

DHW: domestic hot water

ST: storage tank

HE: pre-heating heat exchanger (recuperator)

SHP; subcooled heat pump

Tei: water inlet temperature at the evaporator [°C]
Teo: water outlet temperature at the evaporator [°C]
Tei: water inlet temperature at the condenser [°C|

Tco: water outlel temperature at the condenser |°C|
Tnet; water mains/net temperature [°C]|

Terey: water heat recovery temperature [*C|

Tsewage: grey water temperature after its recovery (to the sewage) [°C]
Tsr: water stored temperature in the respective tank [°C]
Thot= water temperature at the system conditions [°C]
Tuser= water temperature supplied to the user [°C]|
Tdemanded=water demand temperature [*C]

Tset= temperature control [°C]

Tamb= ambient temperature [°C]

Qcond=Heat pump heating capacity [kW]

Qevap=Heat Pump cooling capacity [kW]

COPy,: Heat pump CoefTicient of Performance, [-]
COP;,,: System Cocfficient of Performance, [-]
COPpowenz: Lorenz Coefficient of Performance, [-]

Mg, grey water mass flow rate [kg/s|

mw,..I= water mass flow rate to the user [kg/s|

mye condenser water mass flow rate [kg/s]
m,..evaporator water mass flow rate [kg/s]

We: Heal pump electric consumption [kW|

Scale: Relative size ol the heat pump compared to the relerence value
Volume: capacity of the respective tank [litre]

p: Water density [kg/m3|

«: Control level rate in the DHW tank|-]

p: Control level rate in the grey water tank|-]

A: Ratio between the hot water mass flow and the grey water mass flow [-]
v: proportion of the DHW storage tank capacity [-]

Co: proportion of the condenser water mass Mow rate [-|
Subscripts

ST: storage tank

HP: Heat pump

gow: grey water

DHW: domestic hot water

hot: hot water (at production temperature, 64°C)
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