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Module Plan and Learning Outcomes

PLAN:

Outline and explain how energy storage
technologies can be used to improve energy
efficiency of buildings, as well as energy
grids.

Student Learning Outcomes:

e Demonstrate ability to explain basic
heat- and electricity-storage options;

e Demonstrate ability to explain the energy
savings as well as the renewable energy
integration possibilities of different stor-
age technologies;

e Demonstrate understanding of advan-
tages and disadvantages of various solu-
tions.

Core Concepts

Heat storage

Electricity storage
Hot-water storage tanks
Seasonal heat storage

Borehole

Thermal mass

Heat capacity

Specific heat capacity
Thermal mass activation
Concrete-core activation
Phase-change material
Sensible heat

Latent heat

Pumped storage hydro
Compressed Air Energy Storage (CAES)

Rechargeable battery

Flywheel

Utility-scale storage

Community Energy Storage (CES)

Building-level storage
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INTRODUCTION

The supply of energy from the sun and wind
cannot always meet the demand for energy
for the simple reason that they are not always
available. At night, for instance, there is no
sun. PV panels, therefore, produce no
energy. On the other hand, when it is a sunny
summer day, a building’s PV panels may pro-
duce more electricity than is actually used.

As discussed in earlier modules, in some
countries it is possible to sell or transfer ex-
cess electricity to the grid through net meter-
ing. For heat, however, it is difficult to imag-
ine selling excess heat; however, it may be
possible to do this with neighbors.

If selling or transferring is not an option, an-
other approach is gaining interest: adjusting
demand to supply conditions and the grid. De-
mand responsiveness to supply conditions
can improve performance by reducing load
when there is a decrease in supply. This is
easier to do in large buildings where there are
many operations that use energy at levels that
are perhaps not essential. If there is great
pressure on supply, commercial or industrial
complex operators can, for instance, dim
lights or change the buildings’s cooling/heat-
ing temperatures by a few degrees. It may
also be possible to delay some activities to a
time where there is less pressure on energy
supply.’

Selling or transferring excess energy to the
grid may not be possible in all places. More-
over, as effective as demand response may
be for industrial or large commercial applica-
tions, for some off-grid locations and small
buildings it may be necessary to look at en-
ergy storage options. There are many ways
of storing excess electrical or thermal ener-
gy. These include:

e Chemical energy storage (hydrogen, bio-
fuels and biomass, liquid nitrogen, etc.);

o Electrochemical energy storage (battery
and fuel cell);

e Electrical energy storage (capacitor, su-
perconducting magnetic energy storage);

e Thermal energy storage (hot-water stor-
age tank, storage heater, steam accumu-
lator, thermal mass of a building);

LEruUodNrE3NIL
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Jdhpin s6U hwuwutGh: Ophuwy® ghpbpp wpl
sqw: Quwhuny, 4 wwubutpu EuGpghw gGU
wnpunwnpnid: Ujnwu ynnuhg' Uplenunn wdwnwjhlu
opjw pupwgpntd 2tUph Ypw ntnwnpywéd wp-
Lwjhu EuGpghwjh d4 wwubutGpp Ywpnn Gu
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l.{nLLf1|: wyblh phs (wpywé nEdhuh wywjdwult-
pnud:
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! “The Building as an Energy Storage Device: Fast Demand Response as a Solution to Intermittent Renewables”, accessed February
2014, http://eetd.lbl.gov/news/article/15242/the-building-as-an-energy-storage-device-fast-demand-response-as-a-solution-to-in
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e Mechanical energy storage (hydraulic ac-
cumulator, flywheel energy storage,
etc.).?

Some of the solutions above can be applied
to building-level energy storage, albeit with
varying degrees of cost effectiveness. The
discussion below divides storage technolo-
gies into two broad categories: technologies
for heat storage and technologies for elec-
tricity storage. For each technology there is
discussion of examples that are relatively
cost effective at the building or community
level.
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2 For more information visit EIA,.Electric Power Annual 2008. Washington, D.C.: US Energy Information Administration, 2010,
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/034808.pdf;

http://www.energystorage.org.uk/types-of-energy-storage.html

Lpwgnighs wbnGynipintup hwuwuGh E WUL EUGpgGunhy wnbnGynipjul  Jwpgnipjwu

«ElGYnpwywl EuEpghw» 2008-h lnwpGYwu hwyGwnyniejntuhg
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/034808.pdf L http://www.energystorage.org.uk/types-of-energy-storage.html
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STORAGE OF HEAT

A multitude of solutions are available for the
storage of excess thermal energy for later
use. Depending on the specific technology
employed, thermal energy can be stored for
hours, days or even across seasons. Some
are available for individual buildings, while
others can also be used at a larger commu-
nity or city scale. There is also utility-scale
storage. For the purposes of building and
urban designers, however, these will not be
relevant to consider in this text. Technolo-
gies vary on their storage mediums, such as
water, soil, rocks, mass of buildings, and
phase-change materials. These mediums
can be underground (sometimes very deep)
or under lakes in manufactured containers.
Descriptions of a few of these thermal ener-
gy storage systems appropriate at the build-
ing and community scale are discussed be-
low.

Hot-water storage tanks

Thermal energy can be stored in water-sto-
rage tanks, a fairly common solution in resi-
dential buildings. The heat produced by a
solar-thermal collector or geothermal heat
pump can be stored for days, sometimes up
to a week, in tanks that are well insulated.
The stored heat can then be used to heat
water or space at a later time. There is a
wide variety of water heat-storage products
in the market. These products vary in size,
degree of insulation, pressurization/non-
pressurization, draining (heated water into a
tank or from collectors, i.e. recirculation),
etc. Figure 1 shows a few hot-water storage
devices for illustrative purposes. Architects
and engineers using these tanks in the build-
ings they design should familiarize them-
selves with the product specifications and
their performance history before recom-
mending a specific one.

Q6MrUuU3hu ELEMrahu3h UNrsuUUNIU
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Figure 1. A wide variety of hot-
water storage devices are availa-
ble in the market

(A). The water-storage tank pictured on
the right is for residential use. These
tanks range in size from 300 to 450 liters.
When the temperature in a solar-thermal
collector on the roof is higher than the
tank water temperature, the water is cir-
culated between the two. When tank
temperature is higher than the collector
temperature, the pump shuts down and
all the water is drained into the tank.

(B). The water-storage tanks pictured to
the right range in size from 700 to 2,200
liters. The maximum temperature for
optimum performance is about 95°C.
They come with different insulation mate-
rials, such as polyurethane spray foam or
rigid fiberglass insulation. Such modular
units are also scalable to meet the heat-
storage needs of a building. A key con-
sideration during building design is to
allocate the space needed for their instal-
lation.

(C). The water-storage tanks pictured to
the right range in size from 450 to 19,000
liters. They can also be assembled next
to each other to give a larger capacity.

Seasonal Heat Storage

Heat can be stored for months, making it
possible to use stored heat in different
seasons. Seasonal thermal energy storage
(STES) works very much like the geothermal
heat pumps discussed earlier. The key
difference between geothermal heat pumps
and seasonal thermal energy storage is that
the latter actively adds heat to the
underground storage medium (e.g. soil,
water, salt mines, etc.). It then retrieves this
added heat in colder months.?

STES solutions can be a valuable addition to
renewable energy generators, such as solar-
thermal collectors, which produce more heat
in the summer than the building or

Liwp 1. SnLjwynd wnwowpyynn tnwp
onh wwhywudwlu hwdwp bwhiwwnbu-
Jwé wpunwnpwuph wjt mGuwlwlhl:

(U). Lywpnd wwwnybpdwsé £ puwlywpwubnnid
Uhpwndnn wnwp oph wunpp: Ynwlp |hund Gu
300-hg 450 | mwpnnniejwdp: Gpp tnwuhphU k-
nwnpywdé wplewghu YynEyunnph gpdwunhdwuu
wyblh pwpénp £, pwl wunenid gph gbpdwunh-
dwlp, www wjin Gpyniup Jhole inknh £ ncuGuncd
onh 2ngwlwnnipinil: Gnp wunph 9tpdwunh-
dwul wybih pwpén £, pwu ynGyunnph sEpdwu-
inhdwup, wyw wndwp wugwwnynid £ L wdpnnyg
onLpp (gynid £ wlnph Jte:

(R). Lywpnud Ywinybpgwsd nwp oph wunpUtph
wmwnpnnnieintup  lwwnwudnd £ 700-hg Jhusl
2,2001: Owywnhdw] 2whwgnpédwlt hwdwp Uw-
fuwwntbudnn  wnwdbwanylt  gGpdwuwnhdwup
95°C E: Ywlp Ywpnn U JGyntuwgwé [hubg
nwpptn  Unetpnd, ophuwly® wnihnipbpwut
thswé thpthnipny ud pwpap unnipjwdp wwyw-
UGpwdpwyny: Wnwhuh dnnniwihl uwpptph
swihtpp Jupnn BU thnthnpudt® hwpdwnptgdting
26Uph gGpdwyninwydwl wwhwuglbphu: Uju-
nbn wnwugpwjhu hwnpgu wju E, np 26Uph LUw-
fuwgédwu pupwgpnid npwug hwdwnp wbwnp E
wnwUdhU lnwpwép bwhuwwntuyh:

(9). Lywpnd wwwnybpywsé wnwp 9ph wlnph
nwnnnntpjntup nmwwnwuynid £ 450-hg 19,000y:
Apwlp wpnn U bwl Ununwdyb) dEyp Ujntup
ynnpht' wybh UG& hgnpnipjwl hwulbint hw-
dwp:

QEpdwjhu EuEpghwjh uGgnuwjhu Yninmwyned

Qtpdniejntup huwpwynp £ ywhwwut] wdhu-
utpnd L Yninwlyywé gtpdwihu EuGpghwu og-
nmwagnpét] wmwpw  wnwppbp  Gnwluwyubppu:
Qtpdwjhu Eubpghwjh ubgnUwjhU  Ynwnnwyhg
(2EUY) Y4ngynn wyn nGhuuninghwl 2wwn Udwu E
dtpp nhinwpywséd Gpypwegtpdwiht wndwtph
w2uwwnwuphlu: Gpypwetpdwihu wndwbph W
sEpdwjhu Eubpghwjh uGgnuwjhu Yninnwyhsub-
nh dholw wnwugpwjhUu wnwppbpnipintuu wju E,
nn yGpehuu wynhynpblu tnwpwgunid £ uwnnp-
gbnljw gtpdwjhtu Jhewdwjpp (oppluwy® hnnp,
onLpp, wnh hwuptpp W wju): YunthGunl, tnwnp-
Jw gnipnn wdhuubphu, wyn wyGugywé etp-
Untpjntup Gwn £ ynpayniu®:

® For a useful discussion of seasonal thermal energy storage, visit Energy Storage Association web-site, http://energystorage.org/
tndwjhu Eubpghwjh ubgnuwjhu Yniinwydwu yepwpebnjw) ogunwywn pubwnpydwl hwdwn wygbtpe EuEpghwh Yninwydwl wunhw-

ghwjh yGp-ywjpp. http://energystorage.org/:
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community can use. In Alberta, Canada,
there is a residential community with 52
detached houses called Drake Landing Solar
Community (DLSC) where, by using a STES
solution, 97% of the community’s heating
needs throughout the year are met using
more than 800 solar thermal collectors
installed on top of the garages of the
residential units (Figure 2).

An antifreeze fluid - a mixture of water and
non-toxic glycol - is pumped through the
solar collectors and heated whenever the
sun is out. The 800 collectors are connected
via an insulated underground pipe that
carries the heated fluid to the community’s
Energy Centre. The solar collectors have a
generation capacity of 1.5 megawatts.

The community’s world record of 97%
reliance on solar thermal collectors for
heating throughout the year is enabled by
inter-seasonal heat storage in a large mass
of native rock under a central park.

The thermal exchange occurs via a cluster
of 144 boreholes drilled 37 meters into the
earth. Each borehole is 155 mm in diameter
and contains a simple heat exchanger made
of a small-diameter plastic pipe, through
which water is circulated. Details of borehole
storage are presented in Figure 3.*

QEUY [niéndubpp Ywpnn BU wpdGpwynp [pw-
gnud hwunhuwuw| yepwywuqluynn EuGpghwih
wnpuwnpnipjwu wjuwhuh Jdhgngutph hwdwn,
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pned, pwl 26Upp Ywd hwdwjupp Ywpnn £ uww-
nG: Ywlwnwih YpGpunw oppwund Ju 52
wnwudlwwlbphg pwnugwdé Jh hwdwjup,
npp Ynsdnid t «Drake Landing Solar Com-
munity»: Jjuintn 2EUY nGhuuninghwjh Yhpwn-
dwu Jdhgngny wdpnne tnwnpyw plupwgpntd pu-
Jwpwpyntd £ hwdwjuph gGnnigdwl Yunhpltb-
nh 97%-p° oguwagnpétiny wnwudbwwnltnphg
wnwludlwgywd wynninuwlutph tnwuphpubphu
nbnwnpywé wybh pwl 800 wplwjhu yniGY-
wnnpubpp LY. 2):

Quwngnn htnniyp (wuwnhdphq) gnh L ng RenL-
uUwynp grhynih fuwnuncpn £, npp dnyned £ wip-
Lwjhu YnGYynnpubph Jhend W wnmwpwunid gb-
pnGyyw wplwhu dwdtpphu: féyny 800 yniGy-
wmnputph Jhwgwdé BUu unnnpgbunUujw  Jeynt-
uwgywd punnnjwyubpp, npnup wnwp hGnniyp
tnwunwd U hwdwjuph EuGpgbunhy YGuwnpnu:
UpLwjhu YynGYunpubph wpunwnpwywu hgn-
pnipyniup 1.5 Udwn E:

Uplwipu  ynEYyinnputph  Jhengny  wdpnnyg
nwpyw pupwgpnid stnnigdwl wywhwlgwnpyh
97%-h pwywpwpdwlu hwdwjuph hwdwhuwn-
hwjhu nGYnpnp uwhdwludt] £ sEpdwjhu Eutp-
ghwjh dhgutignuwjhu Yninwyhsh 2unphhd, npp
yGuinpnuwywu gpnuwjgnL puntppnid guuynn
JGé dwnu E:

Qtpdwihnpuwlwyndp Jwwwnpynd £ 144 hn-

nwwnwlgptiphg pwnywgwsé Yuwuwnbnh  Uhgn-
gny, nnnup nLtuGU 37d funpniinil: Anpnp hnpwiwn-

wlugptph lnpwdwaghép 155U £ U wjuintn nmEnwnpywé Gu thnpp tnpuwdwadény wwuwnhy funnn-

Jwyutphg ywwpwundwsé ywpg gpdwihnfuwlwyhsutin, npnug Uhgngny gnipp npynid £ 2pgw-
LUwnnipjwl JGg: Inpwunwugptph Jvhongny Yuwnnigywéd Ynunmwyhsh dwuhl JwlUpwdwulbpp

utpywjwgywsé G uy. 3-ncd*:

* “Welcome to Drake Landing Solar Community”, accessed March 2014, http://www.dIsc.ca/
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Figure 2. Schematic of the solar seasonal storage and district loop used at the Drake Landing Solar
Community (Alberta, Canada)
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LYwp 2. Drake Landing Solar Community (UjpGpunw, Ywlwnw) hwdwjupnud nmbnuywjjwé wplwjhu ub-
gnuwjhu Ynimwyhgh b Ysunpnuwywi gnnigdwl gwlugh upubdwl: [Swuhphu wplwjhu Yninwyhgubpny
wnwldbwlwnenyg wynnunbwlutp, wplwjhu Yninmwyphgubph tuGpquwnwp, thnpp mwpnnnipjudp obkp-
dwyninwypgutpny Eubpquytunpnu, ks mwpnnnipjuwdp ukgnuwjhu gEpdwjhu hnpwwnwlgp, Gpyhwp-
Jwuh punwubEywl nnu, hwdwjuph nutphu Uhwgwé® YEunmpnuwgywéd unnpgbnljw gEpdwjhtu gwlg]

Figure 3. Details of the borehole seasonal thermal storage used at the Drake Landing Solar Community
(Alberta, Canada)
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Jwrenigywé Yninnwyhsh dwupwdwul uputdwl:

-247-



Module 7: Energy Storage for Energy Savings and Renewable Integration

Another noteworthy example is the Reichs-
tag in Berlin, Germany. Surplus heat pro-
duced in the Reichstag’s CHP plants is fed
to an aquifer in front of the building using
two boreholes reaching a depth of about 300
meters (Figure 4). The water stored in the
porous rock below is pumped up through
one borehole at its natural temperature of
about 20°C, heated by the surplus heat via
heat exchangers in the basement of the
Bundestag, and pumped back down to the
same depth through the second borehole.
Water with a maximum temperature of 60°C
is pushed into the rock layer 300 meters be-
low. When it is time to use the stored heat,
the water is pumped back up to heat the
building.®

A heat source need not be only from solar-
thermal collectors or CHP plants. Air-
conditioning units or industrial processes
that generate large quantities of waste heat

Uty wyj nLowgpwy ophuwy £ NEjfluupwgh 26U-
pp Rtnhunud, AGpdwuhw: NGjluupwah EGYwn-
pwywl L ebEpdwjhu EuGpghwih hwdwygwd
wpunwnpniejwl yuwjwuh (CHP) wybgnLy stp-
dnteyniup, Unwnn 300 J hunpnipjwdp Gpynt hn-
pwuwnwlugpbph Jheny Unynid £ nGwyh NEjhuupw-
gh 2tUph nhdwg quuynn gpwwwnp 2Gpunknp
uy. 4): Cuntpph Swynnytlu wwwnpubpnd
gwnuynn oniplu hp puwywl® Unuin 20°C ebpdwiu-
inhdwuny y&p £ Unynd hnpwwnwugptbphg ubyh
Jhond, wybgnLy ebpdniejwl 2unphhy AnLuntu-
rwah 26Uph Uyntnnud mEnwyw)ywé gtndwithn-
puwlwyhsuGph dhgngny wnnwpwgynid £ W unyju
unpnipjwdp thnpwé djntu hnpwwnwugph uh-
sny Gwn £ Unynud: Unwybiwagniup 60°C wnw-
pnipjwdp onipp Unynud £ 300 J punpnipjwl
nwy gunuynn wwwpubph 26pnp JGe: Gpp quw-
thu £ yntinwyywé estpunipjwl ogunwagnpddwl
wwhp® ontpp ybp £ dnynid pGUph gbnnigdwu
hwdwn®;

Mwpwuwnhp sE, np eGpdniejwl wnpjnLpp (huku
wnplwjhu ynGynnputpp ywd EEYnpwywl W
sGpndwjhu tutpghwh hwdwygywd wpunwn-
pnipjwl Jwjwllbpp: Ywpblh £ ogunwagnpédty
Lwl onnpwydwl uwppbphg wd wpunwnpw-
ywlu gnpépupwgltphg wpbdwlywd JG6 pwlw-
ynipjwdp ng whunwuh gGnpdncenitup: Win sEpdw-
JhU pwithnuUGnp YwnGih Enpuwg W ninntp nGwh
QEUY YnLinwyhgubpp: 2EUY yhpwndwl Udwl
opptwy E <&ybnpwjh EJddwpnnw pwnwpnid
gwnuynn' Xylem Water Solutions AB puytpnLejwl
wpunwnpwlwl dEnuwpynipntup® Wn puyt-
pnipinLtup unnpepjw wyndwbph W puwnuhgubnh
w2huwphnud wnwewwnwn wpunwnpnnu £ Qnp-
Swnwlp, nph 2huntejntllbnu nltuEl wyGh pwl
200,000 U? punhwlntp Jwybpbu, hpwywlwg-
unwd £ wdpnng wpnwnpwywl ghyp' dGnwnh
ancnidhg uphugl yGpouwywl wpunwnpwlpp:

Qnpéwpwll  whpuwwnnd E wnwpbBywu 4,400
dwd W wjn pupwgpnid wpunwnpwywlu b Jw-
hwgnpédwUu gnpépupwgltphg wpéwyynid E
Jb6 pwuwynipjwdp otpdwjhu pwihnuubn: Ut-
yUp Jjnwuhg 4 J hGnwynpnipjwlu ypw W 150 J
funpnipjwdp thnpwé 140 hnpwwnwugptnh Uh-
ongny wjn stGpdwjhl pwhnUUbpp Ynennwyyned
GU unnpgbnljw wwwputph JGe: Iwdwlwngp
UwpwwnGudwé £ mwptlywu vpusl 3,800 Udind
stpdwjhu Eutpghw Yninwybint W wmwpGywu
Jhusl 2,600 Udwind Ynpgbint hwdwn: LY. 5-nd
wwwnybtnpJwdé £ Xylem Water Solutions AB pult-
pnLejwl wpunwnpuywu dGnuwpyniejwl pun-
hwuntp uppGdwUu b eGpdnipjwl unnpgGunljw
yntinwyhgh hnpwwnwugpbph wnbnwupn:

® “Power, heat, cold: the energy concept of the German Bundestag”, accessed March 2014,
http://www.bundestag.de/htdocs_e/artandhistory/architecture/energy/index.html
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can also be tapped. Waste heat can be captured and channeled to STES storage. One example of
such an application of STES is the manufacturing plant of Xylem Water Solutions AB in
Emmaboda, Sweden.® The company is the world’s leading manufacturer of submersible pumps
and mixers. The plant, which has more than 200,000 square meters of floor area in its buildings,
handles the whole production chain, from molten metal to finished products.

The plant operates 4,400 hours per year, with the manufacturing and operational processes gen-
erating large amounts of waste heat. The waste heat is stored in underground rocks through 140
boreholes placed 4 meters apart and running 150 meters deep. The system is designed to store up
to 3,800 MWh of heat and recover 2,600 MWh per year. Figure 5 shows the overview site plan of
Xylem’s Emmaboda manufacturing plant and the location of the underground heat storage bore-
holes.

Figure 5. Xylem’s Emmaboda 200,000 square-meter manufacturing plant seasonally storing waste heat from
its operations. The red area indicates the boreholes where heat is stored underground

Reception

Reception
Factory

5 “Elec tor Worksflﬁ]}.
about 2 km South ofthe Main plant

Liwp 5. Xylem Water Solutions AB puybtpnipjwt 200,000 u? punhwunip mwpwépny gnpéwpwup Eddw-
pnnw hwdwjupnid Yninwynd £ Qwhwagnpédnidhg wnwowgnn gipdwjhu pwithnuutpp: Ywpdhp gnijuny
gnijg £ mpjwé gbpunipjwl unnpgtnljw Yninnwldwu hnpwwnwugptph mwpwépp:

The system has been operational since 2010 Rwdwywpgl wohuwwnnud £ 2010 pywlwlhg h
and is being monitored by the Swedish Jtp W JGpwhyynwd E Cdtnhwjh EuGpgbunhy
Energy Agency to ensure that lessons are gnpdwywinipjwl Yynnuhg' Udwl wnkhunnghw-
learned and disseminated on the proper utph Wwwwsé bwhiwagsdwl W 2whwagnpddwl
design and operation of such technologies. thnpédh jntpugnudp W nwpwénudp wwwhnybine
Initial estimates have shown that the Lwywuwnwyny: Uyqpuwywl hwogwnpyutpp gnig
financial payback period of this system Gu wndG, np wju hwdwywnpgh $huwlvwywl
would be 5-6 years.’ hbmql;dwu dwdytGwnp Ywnpnn £ Ywaqdt, 5-hg 6
tnwph':

® Bo Nordell et al, 7he HT BTES plant in Emmaboda: Report from the first three years of operation 2010-2013, Luleé: Lulea University of
Technology,
http://www.xylemwatersolutions.com/sites/EUSustainableEnergyAward/Shared%20Documents/HALFTIME%20REPORT %2020 14-
%20The% 20Heat%20Storage%20at%20Emmaboda.pdf

7 Olof, Andersson and Leif Rydell, The HT-BTES plant at Xylem in Emmaboda, Sweden - Experiences from design, construction and
Initial operation, Malmo, 2014,
http://www.xylemwatersolutions.com/sites/EUSustainableEnergyAward/Shared%20Documents/Paper%20Experiences%20from%20desig
n%?20construction%20and%20initial%20operation%20120227.pdf
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There is an increasing number of examples
of seasonal thermal energy storage at the
small building scale.® In such cases, either
underground soil or highly insulated water
tanks are used to store heat for use in colder
seasons. The construction of the first such
house, MIT Solar House #1, goes back to
1939 (Figure 6). This house used solar
collectors to heat water that was stored in an
highly insulated underground tank for use in
the winter.

More recent examples of small buildings
using STES solutions include:

e An eight-unit apartment building in
Oberburg, Switzerland, was built in 1989
with three tanks (total storage of 118
cubic meters) that store more heat than
the building requires.

e Architect Werner Sobek’s Haus-R128 is
his own residence in Stuttgart, Germany,
built in 2000 (Figure 7). Sobek used
many green solutions in designing this
building, including a 12,000-liter season-
al storage tank, the water in which is
heated during summer for use in winter.

e The *“Vital-Sonnenhaus” in Eferding,
Austria, is an office building with 660
square meters of floor area (Figure 7).
The south facade of the building is cove-
red with 108 square meters of solar ther-
mal collectors, which generate 30,000
kWh of heat a year. This is twice the
amount of heat needed by the building

Uwl thnpp 26Uph  Jwlwpnwyny eGpdw)hu
EuGpghwjh ubgnuwjht Ynnwydwl 2w wyj|
ophuwyutp®: Ldwu nbwpbpnd  stpunLpjwl
yntinwydwl W wyl gnipin Gnwuwyphu oquw-
gnpédwl hwdwp Yhpwnynd GU Ywd uwnnp-
gGunljw hnnw2tpwnp, ywd wnwyb, JGyntuwg-
Jwé onph nwpnnniejnlultnp: Unwehu wjnwhuh
wnnitup® MIT Solar House #1-p, wnnigyt| £ nbn
1939-hu (LY. 6): Wju wnwUdUwwnwlup nEnwyw)-
qwdé wplwjhu ynEywnpubph Jhgngny wnwi-
pwgywéd gnipp Yninwyynid Ep wnwyb) Jeynt-
uwgywd  uwnnpgbunljw mwnpnnnintuncd’
adnwup ogunwagnnpétint hwdwp:

Unnpl pEpdwé Gu 2EUY nénwdubpny (bp-
otipu uwnnigywé thnpp 26UpGph ophuwyubn.

e Nip punwuhph hwdwp pwquwplwywpw-
Uwjhu 26Up OpGppnipgnid, GybGjgwphw:
LUwnnigyt| £ 1989 pwlywupl, ntuph 118 pun-
pwlwnn JdGunp punhwunwp tnwnpnnnipjwdp
GnpGp wwpnnniejntly, npntn wwhynwd E
26uph wwhwlgwnyhg wytih gtnpunieinLl,

e Dwpunwpwwbwn dGputp UnpbYph Sniu-
R128: bp ubhwywl wnwUdUwwnniuu E
Snntinguwnpnnud, AGpdwuhw: Ywnnigyt] E
2000 pywywupu (LY. 7): Yu 26Upp Uwhiwg-
6Glhu UnpbYyp pwquwprhy «Ywlws» [NL-
énudutp E Yhpwnt], wyn pyned” 12,0000 nw-
pnnniejwUp ubgnuwihu Yninnwlhg wnwpn-
nniejntup, npntn wdwnjw plupwgpnid
nwpwgwdé gnipu oguwagnpdynid £ dunwi-
up,

o «Vital-Sonnenhaus»-n EdLpnhugnid, UWJu-
nphw: dwpswlwl »EUp £ 660 U? punhw-
uncp JwybptGuny (Y. 7): Stuph hwpwywjhu
swywwnp wwwndws £ 108 U? Jwlybpbuny
wnpliwjhu ynGYinnputpnyd, npnup wpunwn-
nnud GU nmwpBywu 30,000 yduind eEpdwjhlu
FuGpghw: Uw 2EUph wwhwUuswnyhg Gnynt
wlugwu wyt| E: SGupl nLup 27,000 | tnwpn-
nnipjwdp  Ynunwydwlu  wmwpnnnipiniu’
gnipin wdhuubphU oguwagnpétint hwdwn:
EuGpghwih wybigniyp yGunmpnuwywlu 9b-
nnigdwl gwlugh Jhengny, nnhu Jhwgwé E,
tnpyntd £ hwpliwl 2GUpkphU®:

Upwlp thnpp 2tuptph dwywpnwyny Yuwnwp-
wd  thnpdwpynwduGph Udnpubp BU Jhwiyjl:
dswpunwpwwbwnubpu nt dwpnwpwagbnubnp

8 The following website of architectural firm BFC offers good background info on some of the key small buildings with seasonal thermal
storage applications: http://bruteforcecollaborative.com/wordpress/2010/03/16/seasonal-thermal-storage/

BFC twpunwpwwbunwywl puybpnipjwl hGnljw) Ywpl wnwownpynid b UGpwéwlwl wnkntynieinl gbpdniejwl Yninwydwu
hUwpwynpnrejwdp thnpp 26UpERHh wnwugpwhU nGuwyutph Jwuhl.
http://bruteforcecollaborative.com/wordpress/2010/03/16/seasonal-thermal-storage/
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itself. The building has a 27,000-liter sto-
rage tank for use in cold months. The
excess energy is supplied to neighboring
buildings using the district heating sys-
tem to which it is connected.®

These are but a sample of the attempts and
experimentation happening at the small
building scale. Architects and engineers con-

cwpnibwynd U thnpdwnpynwdubpp W 2BUptnh
pninp dwwpnwyubpnud punwjunid U yGpw-
ywuqlynn EuGpghwih W EUEpgquwpnntbwybun
(nLonLdutnh yhpwndwl uwhdwuubnpp:

tinue to experiment and push the boundaries of making renewable energies and efficient energy

use work at all building scales.

Figure 7. Two recent examples of small buildings with seasonal thermal storage solutions: Werner Sobek’s
Hause R-128 in Stuttgart (left) and Vital-Sonnenhause in Eferding (right)

maa i ¥
] un== = .1
ek

Ljwp 7. 26pdwjhu Eutpghwjh ubgnuwjhu Yninmwyhgubpny ybpgtpu Junnigywéd Gpyne thnpp 2GUpbkph
opphuwyutip. dwintp UnptYh SnLu-R-128, Suintinquipnnid (dwfhuhg) b «Vital-Sonnenhausex»-p Edtipnhu-

gnid (wghg):

Thermal Mass: Passive Heat Storage

All materials have their own rate of heat gain
and heat loss. Copper, for instance, gains
heat quickly and loses it quickly. Basalt rock,
on the other hand, gains heat slowly and
takes a long time to release it. This “inertia”
of a material to change temperature is often
described using the concept “heat capacity”
(also known as “thermal capacity”). Heat
capacity measures the amount of energy
needed to change the temperature of a
material by a given amount.

The scientific concept of heat capacity is
equivalent to the term “thermal mass of a
building” that is frequently used in archi-
tecture and building design. Depending on
the materials used, the thermal inertia of a
building could be different. Concrete or
basalt, for instance, take a long time to gain

Qtpdwjhu quugywé. gtpdnipjwl wwuhy
Ynrnnwyned

Pninp UnLetplu nluBU 9GnpUnLpjwl Ywudwl W
wpbdwydwlu hpEug hwwnnly  gnigwuhubpp:
MnhUal, ophuwy, wpwg Yninmwynid £ gbpunt-
pjnLup W UnypwU wpwag Ef wju Ynpgunid: Pw-
quiwn pwpp, djntu Ynndhg, gtpunipinilp Yyjw-
untd £ nwunwn W Gpywp dwdwuwy £ wybunp, nn
wluswwnh Yntinmwywé stndnipiniupn: Ljnieh obp-
Jwuwnh8wup thnpubint wju «hutGpghwjih» hwwn-
ynrejnitup hwdwh pwgwunpynwd £ «pGpunitlw-
ynipyntu» hwulwgnipjwl Yhpwndwdp: 26p-
dntbwynipjwdp npnaynid £ EuGpghwih wjlu pw-
uwyp, npu wuhpwdtwn £ UnLeh sEpdwunhéw-
up npywé Jeénipjwdp thnpubint hwdwp:

QtpUnibwynipwl ghinwlwl uwhdwunidp hw-
dwndtp £ «26Uph 9tpdwjhu quugywoé» nkpuh-
upu, npp hwtwp Yphpwnynwd £ dwpnwnpwwb-
nnLjwl UG W 2EUpEph bwhuwagstpnud: CEupk-
nh eGpdwjhlu «huGpghwu» Ywnpnn £ nwpptpyt)

® Jenni Energietechnik, The Concept of Solar House is Spreading, St. Gallen, 2011, http://www.jenni.ch/pdf/SunWindEnergy.pdf
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heat and a long time to release it. Steel, on
the other hand, gains heat quickly and loses
it quickly.

The thermal mass of a building can be used
to store energy when it is not needed, and
release it when it is needed. In the process,
it helps to level the internal temperarture of
a building throughout the day. When a
building structure has large thermal mass,
the inside of the building will remain
relatively unaffected by the temperature
fluctuations outside of the building. On hot
summer days, for example, a building
structure with high thermal capacity will
protect the inside from heating up too
quickly; at night it will lose the heat to the
cooler outside temperature, thus keeping the
inside temperature relatively constant.

All matter - solid, liquid, or gas - has
thermal mass. Some have higher thermal
mass than others. One of the properties of a
material that helps to understand its thermal
mass is its specific heat capacity.” The
specific heat capacity of a material is its
heat capacity for a specified mass, e.g.
kilogram. Therefore, the specfic heat
capacity of concrete is the amount of energy
needed to raise the temperature of 1
kilogram of concrete by 1°C. The higher the
specific heat capacity, the higher the thermal
mass of the material (i.e. more energy would
be required to change the temperature per
kilogram of that material). Figure 8 below
summarizes the specific heat capacity of
materials used in construction.

Jwhpiwé 26Upnud oguwgnpéynn Ujnipbphg:
PGnnuh Ywd pwquwiwn pwnh nGwpnid, ophuwy,
Gpywp dwdwuwy E wbwp, np gtpdnipeinitup
yntinwyyh W Gpywp swdwluwy £ wyGwp, np wjn
gstpunipjntup G wpéwyyh: buy wynnuuwuwnl,
ophuwy, wpwg Ypwund E 9Gpdnientup L
untjupw wpwgq £ Ynpguned:

Ctuph gGnpdwjhu qwugywép Ywpbh E ogunw-
qgnpéb| EuGpghw Yniinwytint hwdwn, Gpp npw
ywnphpp syw W wpdwybp wu dwdwlwy, Gpp
wUuhpwdbywn E: IGnbwpwn uw oqunwd t wd-
pnne opndw pupwgpnid hwywuwntgub] 2Guph
utbpphu stpdwuwnhdwlp: Grb 2Guph stpdwjhu
quugywép Uts £, wwyw 26Uph UGpup hwpwpt-
pwywunptl wudwul £ Junwd 26Uphg nnLpu wp-
nwpht  gGpdwumnhdwlUh  wnwwnwunwdutGppu:
Udwnyw 2ng onpbtphlu, ophuwy, pwnép etpdnt-
uwynipjwdp 26Upp Yww2wnwwuh hp ubpuh Uh-
swywinpp wpwgqg wmwpwluwintg, pun npnud® gh-
26pp 2tlpp Ythnfuwlgh ghipdnipinilp nnipu’
wybh gwép gEpdwunhdwl ntutgnn Uhpwduwyn-
hu, hwJdtdwwnwpwnp hwunmwwnnt ywhwywub-
(ny utpuph eEpdwunphéwup:

Pninp Uniebpp’ (huGU npwlup whun, hGnniy
Jwd ququwjhu yhdwynid, odinjwé Gu stpdw-
Jhu quugwény: “YYwlghg npnputpu wybih
pwnén eEpdwjhu quuqywé niutlu, pwU Jjniu-
UtGpp: Stuwywpwp eGpdnibwynieintll wjl
hwwynipintul £, npu ogunwd E npn2GL Ujnieh
skpUwjhU quuaqwén™: Uiniph nbuwlwpwn
sGpdntlwyniejnitup Ujnteh Ynuyptin quugyuwi-
6h stpUniuwynipeynill £, wutlp® UGy Yg-h: Yju-
wbu, pGinnuh nGuwlwnpwnp eEpuntbwynieinLun
Eutpghwjh wju pwlbwyu £, nnu wuhwndtywn £ 1
Ug ptwnnuh gGpdwuwnhdwup 1°C-ny pwpbdpwg-
uGint hwdwp: Nppwl pwpdp E nGuwlwpuwn
stpUntbwynipyniup, wjupwl pwnép £ Ujnieh
stndwjhu quuqywép (wjupupl’ wybih 2wwn

EuGpghw ywwhwugyh 1 Yg Ujnieh spdwunhdwup thnputbine hwdwn): LY. 8-nd wdithnthywé E
2huwpwnniejwl Ute oginwagnnéynn Ujniebnph nGuwlwpwp eGpudntbwynienilp:

"% Note that thermal mass is a different concept to thermal conductivity, a concept discussed in the module on thermal insulation.
Ljwuwntp, np gtpdwjht quugywép b gbpdwhwnnpnwywunie)niup mwppbp gunwthwputp Gu: Ybpghuu pulwpyynd £ gEpdwdbync-

uwgdwup bdhpdwé dnnnepned:
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Figure 8. Specific heat capacity of materials in buildings
Note: (*) Water has a high specific heat capacity. As a result, water is considered the planet’s temperature regulator, slowing warming
and cooling.
Specific heat capacity,
watt hours/(kg)('C)
[ J

SGuwwpwp gEpUntbwynip)nt-
up, Ywnd/(yq)(°C)

Copper 0.11 wnhua
Steel 0.14 wnnuwwun
Cork, straw 0.17 fugwlu, énnun
g/:iansiral wool, fiberglass, foam 0.25 T 12 pwu?ﬁﬂaéﬁ%ﬁﬂfﬂiﬁt

wwwybthpthnep
Brick, marble, granite 0.26 wnyntu, Jwpdwn, gpwlpun
Air (10°C) 0.28 on (10°C)
Gypsum boards 0.29 ghyuwunyjwnpwpeninpe
Concrete, cement plaster 0.31 pGunl, g/w hwppwuywn
Polystyrene, polyurethane 0.35 wnihunhpng, ynihnipbpwl
Wgod, fiberboard and 0.65 thwjwn, Jwlpwetiwhu wwubutp
chipboard U Jwuywé pbtht wwlubutn
Water (20°C)* 1.16 gnLn (20°C)*

Lonud® (*) @nh inbuwlwpwp gbpunibwynie)niup pwpén E: Yw 2unphhy eonipp hwdwpyned £ unpnpuyh gbpdwumhéwuh Yupgwyn-
nhgn, nnp nwunwnbgunwd £ tnwpwgnidp W hndwgnidp:

Lyuwnp 8. Skuptpnd Yhpwnynn Uynitpbph wmGuwwpwp gEpdnitbwynipeynilp

Thus, architects can affect the energy use of Ujuwyhuny, dswpnwpwwbwnubpp Ywpnn Gu 2E6U-
a building through the materials with which ph jwnnigdwl hwdwn punpywé Unipbph JUh-
they decide to make the building. Architects ongny wqnb| 26Uph ynnuhg EuEpghwih uwwn-
and engineers will have to work together to dwl dwywutnph ypw: dwpinwpwwbwnubpu no
optimize a building’s thermal mass while swpunwnpwagbwnutpp wbnp £ whuwwnbu Jhw-
achieving the aesthetic and cost expec- uhu, npwtugh owwnhdwjwgutbl 2GUph estpUw-
tations of the project."’ JhUu quugywép' vhulnyu dwdwlwy pwdwpw-
In addition to desiging a building using nGind - Uwfuwgdhg wynllwidnn ql:quhmw-
thermal mass as an energy-saving tool, the Uwl b $hlwluwlwl uywuGLhpUtnp:

thermal mass of a building can be enhanced Q6ndwjhu qwuqywép npwbu EuGpgwhilwin-

through the use of so-called “thermal mass nnipjwl Jdheng ogunwagnpdnn 2tUptp Lwhuw-
activation”. Two increasingly popular thermal gébinLg pwgh, 26Uph ebEpdwjhu quugywsdh Yyp-

mass activation solutions are discussed be- pwnnidp yupGh £ dGéwglt] bwl, wjuwtu Yng-

low: concrete-core activation and phase- qwé' «pbpdwjhu quugwdh wynhywgdwl»

change materials. dhgngny: Uwnnpl UGpYwjwgywéd Bu gGnpdwjhu
quwugywéh wynhjwgdwlu (wjunptU tnwpwéd-

Enhancing Thermal Mass: Concrete-core ynn Gpynt (nuéndubpp’ pGinnuh Uhgniyh wywnh-

Activation dwgnud W $hghywywtu ghdwyp thnpunn ujne-
rtn:

The thermal mass of concrete structures and
exteriors (floors, walls, and roofs) can be
enhanced by embedding pipes through them
that will carry cool or hot water, depending
on the season (Figure 9).

" Foran in-depth discussion of thermal mass visit: http://web.ornl.gov/sci/roofs+walls/research/detailed_papers/thermal/index.html
Qtndwjhu Jwuuwjh JwUpwdwul pulwpydwl hwdwp wjgttp
http://web.ornl.gov/sci/roofs+walls/research/detailed_papers/thermal/index.html
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If water cooler than the outside temperarture
is run through the pipes (something that is
typically done in the summer months), the
thermal mass of the piped elements will
increase. Similarly, if warmer water than the
outside temperature is run through the pipes
(something that is typically done in the
winter), the thermal mass will also increase.
In both cases, the temperature of the
exterior concrete elements will be more
resistant to change. If the water is run
through the pipes 24 hours a day,
temperature flucuations inside the building
will narrow, therefore reducing a building’s
need for mechanical heating and cooling
(Figure 10)."

Qtpdwjhu quugwédh dEdwgnid. pEnnup
dhgnLyh wlwnhqjugnid

FGwnnuG YynUunnpniyghwubph L wpunwphlu Jw-
ubph (Wwuwbnph, hwwnwyh W wnwwlhputph) obp-
dwjhu qwugwép Ywpnn b dEdwlw| npwlg
utpunid pwnwé/ubpywnnigywéd punnnjwyub-
nh Jhgngny, nnnugny Ywptih £ uwnp Ywd nnwp
onLn wuglwgub]® ywhywé nmwpyw Gnwuwyhg
uy. 9):

Grt onLpp, npu wybh uwnU E, pwl npuh 9obp-
dwuwnhdwup, wuguh punnnywyutnph Jdhgny (un-
dnpwpwnp nw wnpynd £ wdwnwihu wdhulb-

nhu), www punnnyuywwwwn nwnpptiph gtpdw-
Jhu quuqwép ywybiwuw: Lnyu uygpniupny®

Gt onipp, npu wybilh wwp E, pwl npuh gbp-
Jwuwnhdwup, wuguh punnnwyutph Jdheny (un-
Jnpwpwp nw wnynd £ ddGnwjhu wdhulbnpht),
www wju ntwpnid Unyuwbu estpdwjhbu quug-
Jwép yuwybiwuw: Gpyne nbwpnid £ wpunwphu
pGinnut nwpptph gGpdwunhdwul wybh nhdwgynu - yhup  thnthnpunigjwl  ujwundwdp:
Grt onipl wuglh unnnywyutnny opwywl 24 dwd, www 26Uph UGpunid stpdwuwnhbwuh nw-
mwuntdubpp Yhutu wytbh uwhdwuwthwy, hGnbwpwnp' Yujwagbl 26Uph JGhuwuhywywl 9b-
nntgdwl W hnJwguwl Ywphputpp Y. 10):

Figure 9. Schematic representation of water pipes in concrete (top); examples of water pipes laid between
rebars but before concrete is poured (bottom and right)

Lywp 9. AEnnuh Ut punywé funnnjuyubph gébwwwwnybpp (YEplnod): Udpwlbubph dhge mGnuinpjué
funnnjuyutph oppuwlyubp' dhusl pinnbwwwwnnedp (Usppuncd b wghg)

'2 Concrete-core activation is not the same thing as radiant floor heating/cooling. The main difference is that a concrete-core activation
system is embedded in structural or floor concrete, whereas radiant-flooring systems are separate from the structure of a building. They
typically sit on top of the floor, separated from the structure by a layer of insulation.

RGwnnuh Jhgntyh wywnhywgnidp Uniup sk, hug lnwpwgynn/hnwgynn hwwnwyp: Ipduwlwl nmwppbpnieniut wyu £, np pGnnup
Uhontyh  wywnhjwgdwl hwdwywpgp Ywenygh Ywd hwwnwyh pbGinuh Jdh Jdwub £, huy wnwpwgynn/hnjugynn hwwnwyh
twnwquw)phsutpp (rwnhwuw) Ywenyghg wnwludht Gu: Ywlp unynpwpwp wnbnwnpynd U hwwnwyh dpw W Jwnniyghg
wnwUdbwgyntd JGYnLuhg 26punny:
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Figure 10. Schematic representation of an office building without (A) and with (B) concrete-core activation.
Each option is presented in both summer and winter conditions. The main impact of concrete-core activation
is the leveling of interior temperature, thus reducing the need for mechanical cooling and heating

Source: www.airdeck.be/en/index.php?n=2

Without concrete core activation

wnwlg ptwninuh dhgniyh wymhyjwgdwl

Summer
wdwn

30°C

Unpjntpp’ www.airdeck.be/en/index.php?n=2

__ 3800

With concrete core activation
ptwnnuh dhgntyh wymhyjugdwdp

o°Cc

Llwp 10. Qpuubljwlwjhl 26Uph upubdwnply wwnybpp® (U) wnwlg pEwnnup dhgniyh wynhjugdwl, (R)
ptwinuh Jhgntyh wywmhjwgdwdp: Gpynt mwppbpwyubpu k) Upyujwgjwé B wdwnrwjhu b ddGnwjhu
wwjdwllubpnid: REnnuh dhgntyh wlymhyjwgdwl hhduwwl wpyniupp hwjwuwpbgywé Ukpphu otpdw-
unh6wul E, nph nEwypnid bjwgnid Gu 2EUph UGluwUuhjuwlwl gtnnigdwl b hnuigdwl Ywphputpp:

A variation of thermally activated concrete
was used in Roman times. The system was
called a “hypocaust heating system”, where
cavities under floors transported heated air to
thermally activate stone mass. In the early
20™ century, a company called Crittall embed-
ded steel pipes in concrete slabs used for ceil-
ings. Crittall ceilings, however, had many
problems. As the buildings were not well insu-
lated back then, the pipe diameter was very
large. Also, condensation was a problem with
Crittall’s product. In the early 1990s, the Swiss
started to reintroduce this technology with
substantial improvements. Since then, the ap-
plication of concrete-core activation technolo-
gy in new building construction has surged.
By 2003, more than 30% of new commercial
constructions have used concrete-core
activation.™

6n 3InndGwywl Ywjupniejwl dwdwlwyut-
pnud yhpwnynd Ep pEinnuwédwdyh eEpdwjhl
wynhjwgdwl Jh wnwppbpwy: SIwdwlwpgp
yngdnd En  «hypocaust 9bnnigdwl  hwdw-
wpg», npntn hwwnwyh wnwly Jurenigud
funp2tnny hnunn twp onp nmwpwgunid Ep pw-
nt quugqwép: bhuy 20-pn nwpwuygphl
«Crittall» UYngynn Uh puybpniejntu wynnwwwnjw
junnnquwyutpp pwnbg wnwunwnh pGunnub
uw|tph UGy: Crittall nhwh wnwuwnwnutpp, uw-
ywju, 2wwn huunhpubp nlubhu: Swluh np wju
dwdwluwyyw 26Uptpp Jww Epu 9Gpdwdbynt-
uwgywd, www wyn hunnnwyutph nmpwdwagh-
6p pwwn UGS En. Crittal-h wpnwnpwuph hwdwnp
Uwl Uté puunhp En onnpwynidp: 1990-wywl-
utph uygphu CyLGjgwnhwjnd Ewlywl pwptiw-
Unrdutipny yGpuyubighu wyn inkhuuninghwjh Yh-
pwnnidp: Wjn dwdwuwyhg h Jbp uyuybtghlu

3 Frank Mauersberger and Dominik Cibis, Energy Efficiency In Commercial Buildings with Concrete Core Activation, Purdue University,
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Figure 11 shows images of recently con- pGwinnuph Jhontyh wynphywgdwl inbpuuninghw-
structed buildings that use concrete-core utGph Lwju Yhpwnenidp Unpwywnng 2GUptpned:
activation. The increased popularity of using UpnEu 2003 . Unpwlwnnig wnlnpwihu 2h-
concrete-core activation in new buildings is unrpjnituutph wyth pwu 30%-p Yhpwnynid Ep
driven by the energy cost savings during the pGunnuph Jhontyh wynphywgdwl inbpuuninghw-
building’s use and operation. ukp™:

LY. 11-nud wwwlytpywd Bu ybpgbpu Ywnnig-
Jwé pGuptph [nruwlywnpubp, npnkn Yphpwn-
yniu £ pGuinnuh dhontyh wyinhywgnidp: AGnnup
dhpntyh wynhdwgdwlu hwpwénu yhpwnenidp Unpwlywnnyg 26UpGpnud wwjdwuwynpywé £
2tUpEph oguwgnpédwl W QwhwagnpédwU hwdwp EuEpgEnhy Swhuutph ubwjnnnipjwdp:

Figure 11. Examples of recent buildings that use concrete-core activation, which is rapidly becoming
standard practice in European commercial construction. Exterior on the left and interior on the right
Links to architects of buildings above: www.uytenhaak.nl (top); www.unstudio.com (middle); www.rau.eu (bottom)

Ljwp 11. AEwnnuh dhgniyh wynmhjwgdwl wnbjuuninghwyny ytpgtpu Yunnigwé 2Euptph ophuwlyubp,
npp GYpnwywjnud Ywunenigynn webwnpwjhu 26uptph hwdwp wpwgnpBl JEpwéynd t punpnibjwéd
gnpdbwytpwh: Quhuhg wwwnlybpjwé £ wpnwpht hwnydwép, wehg' Ukpphlp:

2012, http://docs.lib.purdue.edu/ihpbc/64
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Enhancing Thermal Mass: Phase-change
Materials

In addition to concrete-core activation,
another approach to enhancing the thermal
mass of buildings is the application of
phase-change materials (PCMs) to exposed
surfaces closest to a building’s source of
heat gain or loss. Water has been the most
widely used PCM in HVAC applications.
However, water changes phase at 0°C.
When you want to slow the heat gain of an
interior of a building, the PCM that should be
used should melt at 20 or 25 degrees. This
way it will store the heat affecting the
exterior of a building and not allow it to
transfer to the interior.

PCMs are wused in many industries,
automative and aerospace products,
textiles, HVAC, and increasingly buildings. It
is their application in buildings that interests
us most in this section.

To understand PCMs, a little bit of physics
needs to be explored. Energy can be stored
in materials both in the form of latent and/or
“sensible” heat. Sensible heat is the energy
required to change the temperature of a
substance with no phase change. Latent
heat, on the other hand, is the heat stored or
released when a material undergoes a
phase change from solid to liquid, liquid to
gas, solid to gas, and vice versa.

If a substance is changing from a solid to a
liquid, for example, the substance absorbs
energy from the surrounding environment
that allows it to spread out the molecules
into a larger, more fluid volume while still
maintaining molecular bonds. Likewise, if
the substance is changing from gas (which
has lower density) to a denser phase such
as liquid or solid, the substance gives off
energy. Figure 12 shows the relationship
between sensible heat and latent heat when
measured against temperature change and
heat gain/loss.

The latent heat properties of PCMs make
them attractive as a heat-storage material.
PCMs can store several times more heat per
volume when compared with sensible-heat
storage systems (such as stone or wa-
ter/liquid H,O). For example granite and wa-
ter can store 50 and 84 megajoules per cu-
bic meter respectively for a temperature
change of 20°C. However, ice and salts can
store 306 and 1,500 megajoules per cubic

Qtpdwjhu quugwédh dedwgnid. $hghlwywl
UhGwyp thnfunn Uniptp

Pwgh ptwnuh Uhgntyh wynhywgnidhg® 2tuph
Gndwjhu quugywéh JGéwgdwu hwdwp Yuw
LUwl JGY wyj Unintgnud Ly, npuintn $hghywywu
Jhdwyp thnpunn Ujniptpp ($4PL) wdpwgynid
GU 2GUph gtpunLejwl Yiwudwl W gGpdnLejwU
ynpuinh wnpjntphu wdBbwdnunn pwg dwybpbu-
utph ypw: 230 uwpptpnid gnipp Gnb| £ wnw-
JG| (wjunptu ogunwgnnpéynn dSUOL-p: Uwywju
gnh $hahywywl yhdwyp thnpuynid £ 0°C-nrd:
Grbt gwluywunid Gp 2EUph UGpuntd nwunwntg-
UG etpdnipjwl Yiwlnwdp, www Yhpwnynn
DYOL-p whbwnp £ hwiyh 20 Ywd 25°C-nwd: Wju
UGpw wjlb yyneinwyh 26Uph wpunwphtu hwwnyw-
Sh Upw waqnnn gpdwjht Eupghw U eniy| ¢h
nw, np wju wugup 26Uph UGpup:

dUPL-Gpp Yhpwndnid GU wpnyntbwpbpnipjwu
wwn ninpnutGpnud W wpwnwnpwuplubpnud, wjn
pUnLU” wyhwghw, nhtgqbpwqUwgnienil, wy-
unndnphiw2hunteinil, wnbpuwnnh, 230 hwdw-
Ywngtin, hugwbu bwl, wytih jwiu yupguépny
otuptpnud: Wu pwdunwd Jdbg wybh 2w hG-
nwpnpenpnd £ owyn Wniebph  Yhpwnnieiniup
2GuptpnLd:

dUYOL-Epp JwuhU wwwnybpwgnd Juqgubint
hwdwn Jh thnpp ytphh2Gup $hahlwl: Eutp-
ghwlu Ywpnn £ wwhwwudb) Ujntptpnid pwpl-
Jwé Wywd gqwjuywu stpunipjwl wnbupny:
2qwjwywl stpuniejnllu wju EuGpghwu E, npu
wUuhpwdbwn £ Ujneh gpdwunhdwlp thnpubnt
hwdwp® wnwug njwi Unieh $hghywywl yh-
dwyp thnpubni: Rwplywéd stpdniejniup, Ujnwu
Unnuhg, Ujnieh yhdwyh thnthnpuntejwl (whun
Ujniehg nbwh hennly, htnnlyhg™ ququjhu,
wunhg' qwquwjhlu, L hwlywnwyp) dwdwlwy
rwujwé Ywd wpbwlyywsd gbpdnie)nLul k:

Onhuwy® Get uh Ujnipe whun yhtwyhg thntu-
Jnud £ htnniyh, nipbdu Ujneep 2pswyw Uhow-
Jwjphg Eutpgphw E Ywuncd, nph wprnyntupned
ujntph  dnGyniubpu punwpédwyynd GU' yb-
pwoéybiny wybkh UGs' henniy yhdwyh' vhwdw-
Jwlwy wwhwwutny Ujnteh UnGyniwihu Yw-
wEpp/Yunnigywépp: Lnylu YEpw' GrE UnLep
ququwjht yhdwyhg (hph puwnnipnibl wybih
gwén k) thnfuynwd £ wytih fuhwn dhdwyh, hus-
whuhp GU hGnniy Yuwd whun yhdwyp, www
wjn nGwpnud Ujniep EuGpghw £ Ynpgunud: LY.
12-nud uGpywjwgywé £ qqujuywl W pwpl-
Jwd gbpdniejniuubph Jhel thnfuhwpwpbpne-
pintup’ sEpdwunhdwuh thnthnpunipjwl W ebip-
dnipjwl YwudwUu/ynpniuinh ywjdwulbpned:

dUPL-GPh pwplywd 9EpdwhUu hwwnynipe)nLl-
ubpp pwpbdpwgund U npwlg gpwysnieniup’
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meter respectively at constant temperature.
This storage capacity can be used for many
applications such as space heating and
cooling. PCMs cover a relatively large range
of 0-130°C. However, for building-envelope
applications PCMs are used that change
phase from solid to liquid between 20-
60°C."

gas
quq

Latent Heat

(vaporization) liquid gas
htnniy quq

Pwplwd
gbpUnipnLu

condensation / ynuntuuwgniu
(qnnp2wgnid)

—

vaporization / gninpugnid

"

liquid / hGnnty
Sensible Heat

2qujwjwl
gbpUnipynLlu

freezing / uwntgnud

——

melting / hwitgnd

E—

solid-liquid
whun-hknnuy

Temperature / gipdwuwnh6wl (°C)

Latent Heat
(fusion)

Pwplwd
gbpdnipnLu
solid / whun (yUunwgntd)

Heat added
wyblugwé gkpunipynLl

W

Figure 13 presents a simplified picture of a
material’s heat gain and loss as it changes
phases. When a material goes from solid to
liquid, for example, it absorbs a great deal of
heat. As Figure 13 shows, the heat gain or
loss at these phase changes (melting, freez-
ing, vaporizing, or condensing) can occur at
very high rates without any temperature
changes. This is a fact that is useful for stor-
ing heat when you do not need it and releas-
ing it when you do. PCM applications pre-
cisely aim for that.

npwtu ebpdniejntl wwhwwunn  Uniebp:
dddL-tpp' hwdbdwnwéd qqujwlywu gbpdnt-
Wl hwdwywnpgbnh hGw (huswhuhp Gu, oph-
uwy, pwpp wd gnipp / henniy H,O), wnpnn Gu
JGy Jhwynp swwinid Jh pwuh wlugqwd wytih
stpunieint wwhwwub/Yniinwyb: Oppuwy®
sEpdwumnmhdwuh 20°C thnihnpunipjwl nbwpned
JGYy punpwuwpn dGnp Swywind gpwlhwnp W
onLpp Ywpnn GU Yyninwyt] hwdwwwwnwuhuw-
Uwpwnp 50 L 84 U2 (UGgquwsgnni)): Uwluwju
nwywl sEpndwunhdwuh ywjdwuubpnid Gy
funpwuwpn JGinp uwnnygp b wntpp Ywpnn Gu
yniinwyt, hwdwwwunwupwluwpwnp 306 L
1,500 UQ: Uju Yntinwydwl hgnpnipejnitup ywnb-
Lh £ Yhpwnt) pwqlwrhy bywwnwyutpny, oph-
uwy® nmwpwéph gbnnigdwlu b hnwgdwl hw-
dwp: $4PL-GNPU nllEL gEpdwunhdwluh hwub-
dwwnwpwn utd Jhpwlwyp' 0-hg Uhugl dnun
130°C: hUs yGpwpbpnid £ 2EUph wpunwphl ww-
innn Ynuuwnpniyghwubppl, wwyw wjuntn Yyp-
pwnynd GU wjuwyhuph HSUDOL-Gn, npnup whun
yhdwyhg thnpudnid Gu hGnniyh 20-hg Jhugl
60°C wwjdwlltpnu™:

LY. 13-p uGpywjwgunwd £ Uynieh yhdwyh thn-
thnpunipjwl dwdwlwy stEpdniejwl Yiwudwl W
Ynpnunnh  Uh  wwpgbgywd wwwybn: Gpp
ujnLEl, ophuwy, wugunid £ whun yhdwyhg hi-
nnLyh, www wju Jd6é pwlwynipjudp sbpdnt-
pinLtU E Ywunwd: huswbu Gpunwd E LY. 13-hg,
ujnteh ypdwyh udwu thnthnpunipjwl (hwytbine,
uwntnt, gninp2hwlwint ywd punnwluwint) dw-
dJwlwy stpdnigjwl Ypwlunwdp Ywd Ynpniuwnp
ywpnn £ pupwlw] 2wwn wpwag' wnwlg etnd-
wuwnmhdwUh nput  thnthnfunigywu:  Uw  Jh
Gpunype E, npp YupGh £ ogunnwgnpéb| sEpdw-
Jhu EuGpghw  Yninnwlybipe hwdwnp, Gpp wjl
wbwp sE, W ebpUnipintu wpdwytint hwdwp®
npw Ywnphpl wnwowlwnt nGwpnid: I5Ug nw
E dd4PL-Eph YhpwndwU Lwwnwyn:

Uju, np $4OL-6pu punwlwy GU thnpp swywih L
quwugywéh Ube Yninwyb] U6 pwluwynipjwdp
tutpgphw, Upwug wnwyb|nLejntl Ewnnwhu qqu-
jwywu  tubpghwih  (hUgwbu, ophuwly® puwn,
ghwuwuwnmywnpwpenine, UGyntuwgunn Ujntptn W
w)(U) yhpwnnipjwdp (nténdutph hwdtdwn:

Mnwywnhy ywwndwnlubphg Glutinny* 26uptpnud
Yhpwnynwd £ Jhwju wyhun-hGnny yhdwyh thn-
thnpuntpjwlu wnwpptpwyp® 20-hg dphugl 60°C
dhpwlwjpnid: 36Ug 20-hg UhUsl 60°C ebpUwu-
nhdwuh wwjdwuutpnwd E, np Ujnpl wugunid

" Many of the facts and explanations are based on the following highly informative document: Fariborz Haghighat, State of the Art
Review: Applying Energy Storage in Building of the Future, Paris: International Energy Agency, 2013.

Qwuwnbphg W pwgwwnpnipntUUtEphg 2wwntpp hhduynid GU inGnGynipjwdp hwpniuwn hGnljwp wnpjniph Jpw. Fariborz Haghighat,
State of the Art Review: Applying Energy Storage in Building of the Future, Paris: International Energy Agency, 2013.
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Capsule Shell
MNuwpnilwynn wunp

O

PCM in solid state
HUOL wyhun yhwlyned

As PCM solidifies,
heat energy is relea-
sed back into the en-

vironment / $4OL,
wunwluwiny, yGpw-
nwpaunid Bu gbip-
dwjhu EuGpghwl
uhgwjwjphu

Temperature rises
Qtpdwumnhéwluh wé

Capsule Shell
MNuwpnilwynn wunp

As PCM ab-
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energy, it
melts / $4YOL,
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dwyjhu Eutp-
ghwl, hwi-
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Temperature fallsis
tpdwumnhtwuh

wuynd ( )

PCM in liquid state
HUPL hEnniywhu yhdwlyned

The fact that PCMs can store large amounts
of energy in a small volume and mass com-
pared to solutions where sensible energy
(such as stone, gypsum board, insulation
material, etc.) is used gives them an ad-
vantage. For practical reasons, in buildings,
only the phase change solid-liquid is used in
the range of 20-60°C. At 20-60°C, material
transitions from solid to liquid, storing lots of
heat energy. When these materials begin to
melt at 20°C, their temperature stops rising
as they begin to store heat. Their tempera-
ture can remain constant up to 60°C while
continuing to store heat. When exposure
temperatures begin to drop and fall below
the solidification point, the material begins to
change phase back to a solid and, in the
process, releases the heat it had gained to
the outside environment.

PCMs come in three major categories:
organic, inorganic, and eutectics. Organics
include paraffin wax, fatty acids, alcohols,
and glycols. Inorganic PCMs include
hydrated salt, metals and alloys. Eutectics
are a mixture of organics and inorganics.

There are several ways in which PCMs can
be applied to the building envelope, for ex-
ample as separate elements added to the
building surface or mixed with the building
element. Below are the four broad applica-
tion types. Figure 14 gives some visual ex-
amples of PCM containment:

E whun yphdwyhg hGnnyh L JG& pwlwynt-
pjwdp stpdwjhu EuGpghw Yninmwynwd: Gpp
Ujntetpp 20 wuwnhdwuh nwy uyund GU hwi-
y&[, Upwug eEpdwunhéwlp nwnwnpnid £ pwpa-
pwuw|, pwuh np uyund GU eGpUniejntl YntL-
nwyb: EpJwuwnpdwup Ywpnn £ Juw wuthn-
thnfu Uhusle 60°C, Jhwdwdwluwy pwnpnibwyb-
(ny eEpdnipyntl Yyninmwytl: Spp npwug ypw
wqnnn stpdwuwmhdwlp uyunwd E pulubp W
wugunwd £ whun yhéwyhu wugubint yLunhg,
www Unieh yhdwyp uyuynid £ thnpudtbl® ye-
nwéybind whun Jhéwyh W wjn pupwgpnid
ujnieh Ynnuhg Ywudwsé etpdnipyniup  thn-
fuwlgynid E wpwnwphu Jhowdwjnhu:

dUPL-Epp pwdwlynid GU GpGp hhdbwywU Yw-
intgnphwutph. opgwuwywl, wuopgqwlwlwu
L EJunGywnhy: Opgwlwywl Ujnietphg U wWw-
nwdhup, dwpwywjhu prenlutpp, uwyhpunutbpp W
agthynubpp:  Wuopgwuwlywlu dUYPL-Gphg GU
hhnpwgywdé wnp, dGnmwnubpp W hwdwaént-
Jwéputpp: EnGynphyutEpu  opgwlwlywl W
wuopgwUuwywu UjnLptnh ppwnunipn Gu:

Ctuph wwuwnn Ynuuwnpniyghwutpnd dUYOL-
Gnh Yhpwndwlu Jh Qwpp Gnwluwyutp Ywl:
Apwlghg npnautpp wnwladhu ElGUGUWNUGN GU W
wyblwgynud/thwygynud Gu 26Uph JwybGptuhl,
Jdhugntn Jjnwu nGwpnud SYPL-Gpp wbunp E
puwnuytu 2Buph ElGUEUUGPh hGwn: Uwnnpl
pGpqwd GU npwug (wjunpElu Yhpwnynn gnnu
Gnwuwyubpp: LY. 14-nud ubGpywjwgywéd Gl
dUPL-h YyhpwndwU gnpu Gnwuwyutph Jvh pw-
Uh oppbwy:

e Nnnwyh Yhpwnned. henny Ywd dEpuwup-
qugwé dYPL-U wybwgynd Ywd fuwnl-
Jnwd £ 2huwujniphl (ghwu, pGunnu) htug
wnunwnpniejwl pupwgpnty,

e CuynUwdp/hdGpupnu Gnwuwy. Swynwnytu
2htwujnietpp (@hwuwunywpwpenine, wn-
JnLu, wbdquplny, thwjwin, quwg) puynuyncd
U htnny $UYPL-h Ubp: Uwqulnpwhl
EdEYnh 2unphhy dUDL-p UkPSEYNLU E Sw-
ynwnhutph by,

o Uwypn-Uubpywuwunciwgned. 1 ud-hg wytbih
npwdwagény funnnqwyutp, wwpytp, qu-
nhyutp (hwugnijgutn), uwitp L wj| wunp-
utn,

o Uhypn-UGpywwunciwgnid. SYPL-Gp npuw-
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(GppGUU punuynid £ 20 Uyd wpdtph Jwuhl):
®n2h, Uhypnywuwuntubp  (UGY  Jhgniyny,
ywd pwqUwdhgniyuwjhtu jwd dJwwphgw-
Jhu):
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Direct application — Liquid or powered
PCM is added and mixed with materials
(gypsum, concrete) during production;

Immersion — Porous building materials
(gypsum board, brick, concrete block,
wood, plaster) are dipped into liquid
PCM. The PCM is absorbed into pores
through the capillary effect;

Macro-encapsulation — Container larger
than 1cm diameter tubes, pouches,
spheres (nodules), panels and other re-
ceptacles;

Micro-encapsulation — Containers smal-
ler than Tmm (sometimes the value of 20
mcm is given) in which the PCM is
trapped. Powder, microcapsule (mo-
nonuclear, or poly-nuclear or matrix).

Ujuop wdpnne wphuwphny vty ywu uté pyny
otupkp, npntn dYPL-GPU oguwgnpénid Gl
2tuph gGpdwjhu qwugqywép JGdwgubint hw-
dJwn:™

RtnhUuh pnruwpwlwywl wjghu Jh gnigwnpw-
Jwl opjGYwn E, npuintin UG6 Jwupunnwpny gnug E
nnynd wju nGhuuninghwih UtGpnudp: PnLuw-
pwlwlywl wjgnt wplwnwpbéwjhu eEpdngnid
Juwnnigqwd Yniinwydwl wunwnpwyp nwuhph
ypw intnwunpwéd 4L wwubutph Jhgngny
gbpGyyw  pUpwgpnid Yninwynd £ wpliwpu
gtnUniejniup W gh2Gpwjhu dwdtphu G wpaw-
ynwd nbwh ebpungh pnuwédwdly wnwnpwop'
hwuwmwwnnit wwhBiny gtpGhwihu nu ghobnpw-
Jhu sEpdwuwnphéwuubpp:

Today there are a good number of commercial and residential buildings throughout the world that
use PCM for enhancing a building’s thermal mass.' One demonstration site that shows the poten-
tial of this technology at a large scale is the Berlin Botanical Garden. The storage tower in the
tropical greenhouse stores solar heat during the day in PCM panels on the roof; this heat is then
released at night into the plant area, maintaining a constant daytime and nighttime temperature.

' The following site offers good practical examples of the application of PCM solutions to buildings, mostly in Germany:
www.bine.info/en/publications/publikation/latentwaermespeicher-in-gebaeuden/

REnlyw) Ywpp wnwewpynd £ gnpslwywl, hhduwywunwd gbpdwbwlwu ophuwyubp 26Uptpnid Shghlwywlu yhdwyp thnfunn
Ujniptnh Yyhpwnnidny |nudnidutbph JEpwpbpjw]. www.bine.info/en/publications/publikation/latentwaermespeicher-in-gebaeuden/
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Ljwp 14. Ninquyh Yhpwndwb b dwypn-ukp-
Juuwuntjwgdwl ophuwlyutp

Figure 14. Examples of direct application and
macro-encapsulation

DIRECT APPLICATION - H+H Deutsch-
land GmbH’s CelBloc Plus™ has PCM
added to the mixture of the concrete
block. The powder next to the block is
the PMC material. The circular part is a
magnification of the composition of the
concrete, with the white parts repre-
senting the PCM particles.

DIRECT APPLICATION - DupontTM
Energain... are plasterboards that can
be applied to walls and ceilings. PCM
particles are embedded in the gypsum.
Unlike traditional plasterboards which
are large and require more than one
person to handle, these boards are
small and light enough for one person
to install. Other companies such as
Knauf and BASF also have similar
products.

PCM MACRO-ENCAPSULA-
TION - BioPCmat™ macro
encapsulates PCM into pou-
ches connected in long
sheets. The sheets can be
stapled to walls and ceilings
surfaces. They are also so-
metimes used in the cavities
between floors.

PCM MACRO-ENCAPSULA-
TION - GLASSX... crystal is a
facade element for commer-
cial or residential buildings. It
consists of 4 layers of glass.
Between the interior 2 layers
macro-encapsulated PMC is
sandwiched. The exterior two
layers have integrated sha-
ding. The image to the right
is the cross-section of the
product. A building is shown
where this facade element
has been incorporated. The
opaque elements are
GLASSX....
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STORAGE OF ELECTRICITY

There are also various technologies and so-
lutions available for the storage of excess
electricity for later use. As electricity net-
works begin to integrate intermittent and un-
predictable renewable energy, such as solar
and wind, the storage of excess generated
electricity becomes a critical issue for build-
ings that are trying to become increasingly
more efficient.

In 2010, electrical energy storage capacity
worldwide was about 3.5% of total produc-
tion. Pumped storage hydro systems were
by far the most widely used solution, offering
99% of storage capacity worldwide (Figure
15). This is followed by compressed air en-
ergy storage and various battery technolo-
gies, as well as flywheel technologies. In the
remainder of this section we will review elec-
tricity-storage solutions and highlight those
most relevant solutions at the building or
community level.

Figure 15. Worldwide installed storage capacity
for electrical energy

Source: Dan Rastler, Electricity energy storage technology
options. A white paper primer on applications, costs and ben-
efits, Palo Alto: Electric Power Research Institute.

O Compressed Air Energy Storage
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® Lead-Acid Battery
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‘Over 99% of
total storage capacity
+ Redox-Flow Battery

Source: Fraunhofer Institute, EPRI <3 MW

+ Lithium-lon Battery
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Unpjnipp' Dan Rastler, Electricity energy storage technology
options. A white paper primer on applications, costs and ben-
efits, Palo Alto: Electric Power Research Institute EGywn-
pwywl EuGpghwih ghnwhGunwgnunwlwl  hUunhwnncn,
Muwn Upinn, Ywihdnnuhw:

Ljwp 15. Ugluwphnud ElEYynpwtutpghwyh Yyne-
nwydwl npuépwjhu hgnpnipyniuutnp:

Pumped-storage Hydroelectricity

Pumped-storage hydroelectricity is a simple
and elegant way of storing electrical energy.
It does so by using excess electrical energy
to pump water up to a higher-level water
reservoir. When there is a need for
electricity, the water is released from the
higher elevation and passes through
turbines that generate electricity.

ELGUSrucLGrarudr unkssSuuniv

UdGigniywihu  ElGYynmpwtubpghwih wywhwwu-
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Pumped storage of hydroelectricity was first
used in the late 19" century in Switzerland
and ltaly. Today it comprises 99% of world
storage of electricity generation at the utility
scale.'® Electricity-grid managers store elec-
tricity during the night when demand for en-
ergy is low (and typically electricity has a
lower tariff). To meet energy demand at the
peak level during the day (when, typically,
electricity tariffs are higher) water is
released from the higher reservoir into the
lower one (Figure 16).

Over the past two decades there has been a
resurgent interest in pumped storage hydro
plants as a result of the rapid growth in re-
newables like PV and wind. Given that these
renewables are intermittent, i.e. their supply
can vary greatly over time, pumped storage
is considered a way of storing excess elec-
tricity for times when the renewable is not
generating electricity. The storage timing,
however, may differ from the traditional
load-management use of pumped storage.
For PV, the excess will be stored during day-
time for use at night or on overcast days.
For wind, it will be stored whenever there is
excess capacity, during the day or night.

npwtu ywunu, EiGYnpwtutpghwh uwywaqlbnp

pwnan &U) entpp Ytnhu gpwdpwphg pwg U enn-
unctd nGwh Yuywu Uy.16):
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Sw2yh wnubiny wju hwugwdwupp, nnp yGpw-
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nnid GU punhwwnnwdutpny, wjuhlupu® npwlg wn-
nwnpnipjwl swywip Yupnn £ dwdwuwyh pu-
prwgpnd Jtbwwbu thnthnpuybl, www hhnpn-
wndwuwjhu ElGYnpwywjwuutpp yEpwédynid Gu
wybgnLywjpu ElGYnpwtuEnghwih ynitnwydwu
dheongh wjl dwdwlwy, Gpp yGpwlwluguynn
EuGpghwjh Ywjwulubpp wwpwwnipnh JGe Gu:
Untinwydwlu dwdwluwlwihu pw2hujwénLpenL-
up, uwywju, ywpnn EwnwppBnyt hhnpnwyndww-
Jhu ElEYyunpwywjwuutpp’ npwybu pbep Ywnw-
Juwpdwl wywunwywl Jheng Yhpwnbint gnpé-
wnntjrhg: Snnnyniinwihy EuEpghwjh nEwpnid
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Figure 16. Schematic design of pumped-storage hydroelectricity storage (left); utility-scale pumped hydro
storage in Vianden, Luxembourg, the largest electricity storage system in Europe with 11 turbines and 1.3
GW, where the upper storage lake is artificially made (right)

Images: BBC (left); Hydro Equipment Association (right)

pwpdpwnhp gpuyuqul
High-level reservoir

Height / pwpépnipjntu

Mwuwlybkpubkpp' BBC (dwfu), Hydro Equipment Association (wy)

Ljwnp 16. 3pnpnundywjhb EEYwnpwywjwup dhgngny EEywmpwtutpghwjh Yninwydwl upuEdwnpy ywn-
Ytpp (dwfuhg); Yuwjwuh Jwywpnwyny hpnpnyndwwjhtu EiGYunpwtutpghwih Ynunwyhgp dhwunbundd,
Lyntpubdpnipg: Gypnwuwynid EjEYmpwtubpghwih Yninwydwt wdbbwdts hwdwlwpgu E, npu ntup 1.3
Quwn punhwuncp hgnpnipjwdp 11 ninpphl, huy yEphu dwlwpnwyh gpwdpwp wphGunmwywl E (wghg):

It takes more energy to pump water to a
storage reservoir than it generates when wa-
ter is released. Despite this, analyses have

Swdwlwpgl wybh 2wwn Eubpghw £ Swhuunwd
onLpp yGphu gpwdpwn dnGint hwdwnp, pwu wju
wnpwmwnpynd £ 9ontpp Jwp pwg phnubint

'S EC DG for Energy, DG ENER Working Paper: The future role and challenges of Energy Storage, Brussels, 2013,
http://ec.europa.eu/energylinfrastructure/doc/energy-storage/2013/energy_storage.pdf

-263-



Module 7: Energy Storage for Energy Savings and Renewable Integration

shown that, in most places, pumped storage
is an effective and financially feasible solu-
tion for energy management.” Their finan-
cial feasibility may only be enhanced with
investments in PV and wind power genera-
tion.

If a local utility provider/authority allows a
small, distributed energy generator (such as
a household with PV panels or wind tur-
bines) to sell its excess generated electricity
to the grid, then the decision to invest in
pumped storage will lie with the utility com-
pany. If selling electricity to the grid is not an
option, the community or industrial operation
generating the PV or wind power may con-
sider an investment in a small pumped-
storage plant.

Small pumped-storage hydro plants can be
built on streams and within infrastructures,
such as drinking water networks, natural or
artificial lakes, or reservoirs within other
structures (irrigation or portions of mines or
underground military installations that are no
longer in use). There are not many exam-
ples of small plants yet, but this may change
as distributed networks of solar and wind
power become more prevalent.

Compressed Air Energy Storage (CAES)

In CAES, excess electricity is used to com-
press air and store it in a reservoir, either an
underground cavern or aboveground pipes
or vessels. When electricity is needed, the
compressed air is heated, expands, and is
directed through a conventional turbine gen-
erator to produce electricity. As of 2010,
there were two large utility CAES facilities in
the world, one in Hunthorf, Germany (290
MW), operational since 1978 and the other in
Mcintosh, Alabama in the United States (110
MW), operational since 1991. A new, much
larger underground CAES is being planned
in Norton, Alabama, with a capacity of 2,700
MW. Above-ground CAES is also available,
with capacity in the range of 3-15 MW.™
Small-scale CAES has been used for a long
time, especially in transportation, e.g. in
mining locomotives. More recently, studies
are being conducted to understand the
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gwugbpnud, pbwywlu Ywd wphGunnwywu |86-
pnud,  wj  Ywnnigwdpubph  gpwdpwnpubph
2ngswlwyutpnid, huswyhuht £ nnngdwl hwJdw-
Jwpgp, Ywd wjllu gogunnwgnnpéynn hwupwhn-
pGnpnud W unnpgbunUjw nwqdwywl opjGyunut-
pnud: Y6n sywu thnpp hhnpnwndwwjhU Ywjwu-
utph pwquwehy ophtwyutn, uwywju hpwyh-
dwyp Ywpnn E thnpudbp wju dwdwuwy, Gpp
wnpbgwyuwiphu W pwdnt EuEpghwih gwugbnu
wybh U6 mwpwénd unwlwl:

Utnujwé onny Eubpghwjh Yninmwyhgutip

utndywé onny Etubpghwjh Ynwnwyhgubph
(UOEY) nBwpnud wybignLy EGYwnpwEtlGEpghwl
ogwnwagnpéynid £ onp hutnwgubint W tnwpnnnt-
pinLunLd YntinwyGnt hwdwnp, npp Ywnnn £ hulg
unnpgbunUjw pwpwlbdwyhg uyuwé Jvhusl ytp-
gtnljw punnnwyutp Ywd wlnplbn: EGYN-
pwtlbpnghwh  wuhpwdtwnniejwl  nEwpnud
ubnudwé onp nmwpwgynwd E, nph hGinbwupny
wju  punwjuynd £ L ElGYunpwELGpghwih

R “Pumped storage provides grid reliability even with net generation loss — US EIA report” (July 8, 2013), 7oday in Energy, US Energy

Information Agency.

'8 Information in this section from two sources: a) Rastler, Electricity energy storage technology options; b) Energy Storage: Compressed
Air, accessed October 2013, www.climatetechwiki.org/technology/jiqweb-caes
Uju pwdlh UjnLebpp hhyujws B Gpynt wnpjniputph ypw. w) Rastler, D. “Electricity energy storage technology options: A white paper

primer on applications, costs and benefits” (2010),
www.climatetechwiki.org/technology/jiqweb-caes

Electric Power Research Institute, Palo Alto, California L p)
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applicability of compressed air storage to
store excess energy from PV and wind
energy.'®

Storing Electricity with Rechargeable
Batteries

Storing electricity in batteries can occur at
various levels: large-scale generation stor-
age, at the substation level, as part of micro
grids or at the community level, as part of
industrial or commercial buildings, or at the
level of residential buildings. Figure 17
shows five different levels at which battery
technologies can be employed. Students
should keep in mind that many of these bat-
tery storage solutions are in development
phases, with only some being piloted or
demonstrated. Only a few are mature tech-
nologies that are used widely.

wpunwnpniejwl hwdwp ninnynd nGwh unyn-
pwywu wnipphuwhu  gBuGpwwnnpp: 2010p.
npnLjwdp w2huwnphnud gnpénud Ehu Gpyne JG6
UOEY Ywjwlubn, Jtyp' Iwlphnpdnid, Atpdw-
Uhw (290 Udwn), npp 2whwagnpéynd £ ujuwéd
1978p-hg, W Ujntup® UwphUwnnpu £, WUL Ujw-
pwdw bwhwugnwd (110 Udwn ), npp 2whwagnpé-
Unwd £ uyuwd 1991 p-hg: Lnp, 2w wyth UGs'
2700 Udwn hgnpnipjwdp unnpgbnbjw UOEY
Jwjwu E bwhiwwnbuynd Ywnnigt] LnpenunLd,
Uwpwdw Uwhwlg: Ywlu Uwl JGpgbwnljw
UOEY Ywjwulubn, npnug hgnpniejntlp nw-
tnwuyntd £ 3-hg Uhtsle 15 Udin dhpwiyupniu™:
®nppwéwyw] UOEY-UGPU oguwgnpédyb] bu
ntn Jwnnig, hwnywwbu npwluuwynpnh ninp-
wnnid” hwupwnpnynitbwpbpnepwl (nyndninhyuk-
pnud: dGpetpu nwuncdUwuhpnieynluutp GU Yw-
tnwpynd ninnyninwihy W pwdnt EuGpghwih
Uhgongny uwwgynn wybgny EuGpghwl
ubnUdwdé onh Jhgngny Yniinwybint huwpwyn-
nnLeintup wwinytpwglbint hwdwp:™

Figure 17. The 5 levels at which battery storage can be used

Source: Rastler, Electricity energy storage technology options
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" Dominique Villela et al, Compressed-air energy storage systems for stand-alone off-grid photovoltaic modules, Honolulu: Photovoltaic

Specialists Conference, 2010.

-265-



Module 7: Energy Storage for Energy Savings and Renewable Integration

The five levels of battery storage of electrici-
ty depicted in Figure 17 include:

1. Utility-scale generation at, for instance,
wind farms or solar energy stations. At
this scale, commercially available battery
technologies can store up to 250 MWh of
electricity. Demonstration projects are
testing 400 MWh of storage.

2. Utility-scale substations, where the sup-
ply of stored energy can be made avail-
able at lower levels in the grid. There are
also some mobile storage stations that
can support the transmission and distri-
bution network. Some mobile units can
store as much as 2.8MWh of electricity.

3. Micro, community level, also known as
community energy storage (CES). This
approach involves placing storage bat-
teries very near end users. This is typi-
cally done by the utility company. As
such, the batteries would need to be
smaller in size (Figure 18). Therefore, in-
stead of 2 MW batteries, many smaller
batteries of around 75 kW are installed.
Figure 19 shows the various battery
technologies appropriate for CES. Some
of these, such as advance lead-acid bat-
teries can provide up to 250 kWh. Such
distribution of storage capacity has some
advantages for electricity service stability
and reliability, as it is unlikely that many
CES units will be out of service simulta-
neously.”

4. Commercial and industrial facilities may
also use batteries to store excess elec-
tricity either as load leveling, supply reli-
ability, or as a renewable integration so-
lution. Figure 20 summarizes the battery
technologies available for use in com-
mercial and industrial facilities.

5. Residential-building level storage. Build-
ings that use off-grid solar PV systems or
wind turbines can store excess electricity
in rechargeable batteries. This option
may not always be economically feasi-
ble. However, if the option of selling ex-
cess electricity to the grid does not exist,
buying a rechargeable battery to store
electricity may be considered. Figure 21
summarizes the battery technologies
available for residential buildings. There

tilEYmpwtutpghwyh Yninwyned
Ytnwihgpwynpynn dwpwnyngutiph vhgngny

Uwpwnyngubpnud ElGYwnpwtubEpnghwih Ynwnw-
yncdp Ywnpnn £ wntnh nluGUw tnwpptp Jwwp-
nwyutpnyd. JGéwéwdw| wpunwnpwywl yne-
wmwyhsubpnd® qqwih Jwlwpnwyny, npwbu
Jhypn gwugh dwu, W hwdwjupwjht dwywpnw-
yny' npwybu wpnyntbwpbEpwywl Ywd wnlnpws-
Jhu 2GUpEph Jwu, Ywd puwybh 2Guptph Jw-
wpnwyny: LY. 17-nd pbpyned GU wjl hhug
nwpptnp dwywnpnwyutGpp, npnbn Ywpnn Gu
ogwnwagnpéyty dwnpunyngubph wnGhuuninghwut-
np: Nuwunnubpp wGwp £ hw)yh wnublu, np
Jwpwyngutph Jhgngny Eutpghwih Yniinwy-
dwl wju nuénudubphg 2wwnbpp nbnlu Upwy-
dwu thniyned GU, huy npwughg Jh pwuphup thnp-
dwnpydwl W gnigunpdwl pupwgpnid Gu: PsGpu
GUu quuynd hwunitu wnbGhuuninghwubph Jw-
ywpnwyned b Yyhpwnyned jwjunnptu:

LY. 17-nud ywwnybEpqwsé dwpinyngubph Jhen-
gny EuEpghwjh yntnnwydwu 5 dwywnpnwyutpp
ubpywjwgunid Gu.

1. Ywjwuph Jwwpnwy. Eubpghwjh wpunw-
npnieynLi: Ophuwy’ hnnuwjhu Ywjwulbn
wd wplbwjpu EEYnpwywywuubn: Yu Jw-
ywnpnwyutnpnid 2nywynud wnyw dwnpwnyng-
UuGpp Ywpnn GU yntnwytp Jhugl 250 Udind
ElGYywnmpwtutpghw: Snigwnpwywu bwhiwg-
6h 2nppwlwyncd thnpéwpyyned £ 400 Udind
yneinwydwl tnwppbpwyn:

2. Ywjwuh dJwwpnuwyp Gupwlywjwlltp: Ynt-
nwlyywsé Eubpghwl  wjuntbn Ywpnn E
wnpybip gwlght® wybih gwén dwywpnwyny:
Ywl bwl Yntnwydwl 2wpdwlywl Yujwlp-
utn, npnup odwunwynid GU hwnnpndwu W
pw2hudwl gwugtbphu: Swpdwlwu Ywjwlp-
ubphg Jh pwuhup Ywpnn GU Yninwyb]
Jhugl 2.8 Udwind ElGYwnpwtubpghw:

3. Uhypn, hwdwjupwjhu dwlwpnwy: Iwjwnuhp £
bwl npwbu Swdwupwjht  Jwywpnwyh
EuGpgwyniinwyhsg RUEY): Cunn wju Uninkg-
Jwl' yninnwydwl dwpnyngubpp nnbnwinp-
ynud GU JGpouwlywl uwwnrnnubphl 2wwn
dnwn: Wju UGpnpnudp unynpwpwn Juwwnwn-
ynuwd £ Jwwnmwlwnpwpnn puytGpnipjwl ynn-
Jhg: Wu bywwnwyny Yhpwnynn Jwpwnnyng-
utiph ¢wihtipp wtwp £ thnpp |hutu (LY. 18):
Ujuwbu, 2 Udwn Jwpwnyngutph thnpuwptlu
inbnwnpynd U Unnn 75 Ydwn hgnpnipjwl
JG66é pwlwyniejwdp dwpunyngubp: LY. 19-
nwd gnijg GU inpuwé IUEY udwn Yhpwnynn

2 «Community energy storage”, accessed May 2014, http://energystorage.org/energy-storage/technology-applications/community-

energy-storage
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are various residential battery products
available in the market today. They vary
on many parameters, such as storage
capacity, efficiency, and cost. Figure 23
shows a few of these products. In select-
ing the battery, a number of factors
should be taken into account by a build-
ing’s architects and electrical engineers.
These include the maximum electrical
load that would be expected during bat-
tery use, the time required for full re-
charge, the space requirements of the
battery, lifespan, etc.

YEpwwihnfuhg
8| Transformer

Community energy
storage

| i
| 3wuwjlph Eubpghugh (SR
Ynunwydwl hwugnyg £8

Ty

nwnptn Jwpunyngutph ophuwyubp: HYwlg
Jh dwup, ophtwy’ ywwnwpbwanpdywéd uw-
wwpwperywht whwh dwpnyngubpp Yu-
nnn U wnw Jhugl 250 y4und EuGpghw: Unt-
nwydwsé hgnpniejwU wjuwyhuh pw2hunidp
2w oqunwlwn E ElGYunpwdwnmwywnpwnp-
Jwl ywjniunipjwu W hnwuwihnipjwl hw-
Jdwn, pwuh np phg hwywuwywu E, np 2wpphg
nntpu qwl Uh wugquuhg 2wwn IUEY-UGR:

UrnUwwnpwjht b wpunwnpwlwl opjEYwnubpp
untjuwytu ywpnn GU wybinpn ElGYwnpwEUtp-
ghwu yninwybint hwdwp  Jdwpunyngubp
oglnwagnpétl’ Ywd pbnh hwjwuwptgdwl,
Jwunwlwpwpdwl hnwuwihnepjwl, ywd ye-
pwlwuguynn tuGpghwjh huwntGgpdwu |ni-
énuduEph Lbwwwmwyny: LY. 20-nd UEpYw-
jwgywé GU 2nLywynid wnyw Jwnpunyngubph
intGhuuninghwubnpp, npnup Ywpnn Gu Yhpwn-
Jt wrbwnpwihtu b wpnwnpwywl opjtyunn-
uGnnud:

Ruwyth 26Uph Jwlwpnwyny Ynnnwyned:
Uju 2GUptpp, npnup nubu gwughlu suhw-
gws dninnyniinwihy hwdwlwpgbn Ywd
hnndwjhu Ywjwlutp, Ywpnn GU hpbug
wybgniy ElGYwnpwtutpghwlu Ynunnwyb) ye-
pwihgpwynpynn  Jwpunyngubpnud:  Uju
wnwpptpwyp Jhow sk, np inunGuwwbu Qw-
hwytwn E: Uwywju wybgniy ElGyunpwtutp-
ghwUu gwughU JwéwnGnt tnwppbpwyh pw-
gwlwjnipjwl nGwpentd Yunbh Enhinwpyb)
JGpwihgpwynpynn dwpwnyngln qubint L
npwugnwd  ElGYunpwtuEpghw  Yninwybine
nwppGpwyp: LY 21-nud ppdwé £ wnyw
dwpunyngutph wbGhuuninghwlbGpp, npnup
Ywnnn U Yhpwnytl pbwytih 26Uptph hw-
dJwp: Wuon 2ntywynid wnyw BU puwytih
hwwnywséh hwdwp bwhwwnmBujwd nwppkn
dwpwyngubph wnpwnwnpwwnbuwyutn:
Awup nuGU  wwppbp wwpwdBunnptp,
npnughg GU' Yniinwydwl hgnpnipjwl og-
nwywn gnpénnniejwl gnpdwlyhgp L ghup:
LY. 23-nud pEpwéd GU nphwughg Jh pwlhup
ophuwyubnpp: Uwpwnyngh punpnipjwu dw-
Jwlwly 26uph dwpnwpwwbtwnubplu nL dwn-
tnwpwagbwn-ElGYunphYubpp wtwp £ hwyyh

wnUEU Jh 2wpp gnpénuubp: buswybu, ophuwly’ Jdwpwyngh ogunwgnpédwl pupwgpnid
uwwuybhp ElGUwnmpwywuntpjwl wnwybiwaniu pbnp, thwnpdtp yGpwihgpwynpbint hwdwn
wUuhpwdt2n dwdwuwyp, Jwpwnyngh hwdwnp wuhpwdbn nwnpwépp, wyhunwubihnipjwl

dwdytunn:
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Figure 19. Battery technologies, their capacities and other characteristics for Community Electricity Storage,
compiled in 2010

Source: Rastler, Electricity energy storage technology options
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Figure 20. Battery technologies for commercial and industrial facilities, compiled in 2010
Source: Rastler, Electricity energy storage technology options
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Figure 21. Battery technologies for residential buildings, compiled in 2010
Source: Rastler, Electricity energy storage technology options
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Flywheels

Flywheels operate by storing kinetic energy in
a spinning rotor that is charged and dischar-
ged through a generator. Flywheels charge by
drawing electricity from the grid to increase
rotational speed, and discharge by generating
electricity as the wheel’s rotation slows.

Figure 22. Prototype of the Velkess energy-
storage system that is an improved flywheel; it
captures excess solar PV and stores it kinetically
for use when supply is low or unavailable, such
as at night

Source: “Velkess Energy Storage”, accessed April 2014,
www.kickstarter.com/projects/1340066560/velkess-energy-
storage

UnpjnLpp’ www.kickstarter.com/projects/1340066560/velkess-
energy-storage, 2014e. wwnphih npniEjwdp
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inuwjhu inuwnbuniejwl Ywphputpp Jwjpwdnt-
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They have a very fast response time of 4 milliseconds or less, can be sized between 100 kW and
1,650 kW; with current technology, they may be used for short durations of up to 1 hour.?' New in-
vestments in flywheel technology, however, have raised hopes of using it to store energy from
solar PV (Figure 22). Charging takes five hours, which will store 15 kilowatt hours of power, enough
to run a modest house from sunset to sunrise.?

Figure 23. Today, there are a number of batte-
ries available in the market for residential use.
(The pictures below are not to scale, so size
comparisons between the units based on the

images below should not be made)

Emergency power supply: A lithium-ion
battery unit that can be mounted on walls.
The unit is designed by Tesla and is being
sold in the US by SolarCity, a rooftop PV
panel installation company. With this sys-
tem, a residential unit will be able to run
basic lighting, a refrigerator, home se-
curity, and cell phone charging.
(www.solarcity.com/residential/energy-
storage.aspx)

The Bosch Company from Germany has
produced the BPT-S 5 Hybrid, lithium-ion
batteries with storage capacity ranging
from 4.4 to 13.2 kWh, depending on the
model. The batteries are fully charged in
one hour of sunshine. The battery can
simultaneously supply major appliances,
such as washing machines and
ovens. The lifespan of the lithium-ion
batteries used was calculated to be 7,000
charge and discharge cycles, giving an
expected lifespan of at least 20 years.
(http://bosch-solar-storage.com/)

NP Technologies offers the IPS Hybrid all
Power System that can combine power
from different energy sources such as the
sun, wind, diesel generator and grid. The
unused energy is saved in a battery for
future use. The hybrid power system
consists of AC and DC charge controllers,
battery, a DC-AC inverter, and a micro-
computer unit for monitoring and control.
These units can be configured from 2 kW
to 10 MW packages. At the higher end,
they are for industrial and grid support
uses; at lower capacities, they can be
used for residential units or complexes.
(www.nptechnologies.co.in/ips-hybrid-all-

power-system.htm)

Ljwp 23. Ujuop 2ntjuwynd welw U puwlyth hwwn-
jwéh hwdwp bwpwwbujwéd dwpnyngubph wnwp-
ptp wpunwnpwwnbuwyubp: (Unnpl pEpdwé Ulwp-
utpu ppwlwl dwu2unwphtu &b hwdwwwwnwupiw-
unwd b uwpptph swihbpp JGYyp djneup htwn g6b Yu-
pnn hwdtdwwnyb:

R

2 Rastler, Electricity energy storage technology options.
22 Chris Nieder, "Turn Up the Juice: New Flywheel Raises Hopes for Energy Storage Breakthrough," Scientific American, April 10, 2013,
www.scientificamerican.com/article/new-flywheel-design/
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Jwu hgnpnipjwdp' ywpuywsé Unnbihg: Uwpuin-
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Dan Rastler, Electricity energy storage technology options: A white paper primer on applications,
costs and benefits, Palo Alto: Electric Power Research Institute, 2010.

Fariborz Haghighat, Sfate of the Art Review: Applying Energy Storage in Building of the Future,
Paris: International Energy Agency, 2013.
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http://energystorage.org/

International Energy Agency, Energy Conservation through Energy Storage | Uhgwqquwjhu Eutp-
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costs and benefits, Palo Alto: Electric Power Research Institute, 2010.
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Paris: International Energy Agency, 2013.
Audiovisual Materials

Visit online sources for “energy storage in
buildings”, “energy storage at the com-
munity level”, or “energy storage at the
neighborhood level”.

As the field of energy storage is rapidly
changing, students should search online
sources frequently for updated information.

Discussion Questions

1. What are the
metering?

advantages of net

2. What are challenges of net metering?

3. What are the advantages of on-site
energy storage?

4. What are the disadvantages of on-site
energy storage?

5. What technolgoies are available for heat
storage? How would you decide which
technology to use?

6. What technologies are available for
electricity storage? How would you
decide which technology to use?
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