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SUMMARY

The U.S. Department of Energy’s Building Technologies Program goal is to develop cost-effective technologies and building practices that will enable the design and construction of net-zero-energy buildings
 by 2025.  To support this goal, Pacific Northwest National Laboratory evaluated an integrated technology that, through utilization of synergies between emerging heating, ventilation and air conditioning systems, can significantly reduce energy consumption in buildings.  This set consists of thermal storage, dedicated outdoor-air system, radiant heating/cooling with a variable-speed low-lift-optimized vapor compression system.    
The results show that the low-lift cooling system provides significant energy savings in many building types and climate locations.  This market represents well over half of the entire U.S. commercial building sector.  This analysis shows that significant cooling system efficiency gains can be achieved by integrating low-lift cooling technologies.  The cooling energy savings for a standard-performance building range from 37% to 84% and, for a high-performance building, from -9% to 70%.
INTRODUCTION

Through synergies between emerging technologies and advanced controls, the integration of heating, ventilation and air conditioning (HVAC) design options can result in significant energy savings.  This set of options is referred to in this paper as low-lift cooling systems (LLCS).  Such a cooling system includes:
1. Peak-load shifting by means of active or passive thermal energy storage (TES).

2. Dedicated outdoor-air system (DOAS) exhaust air enthalpy recovery (ERV). 

3. Radiant heating and cooling panels or floor system (RCP).

4. Low-lift
 vapor compression cooling equipment.

5. Advanced controls at the HVAC equipment and HVAC system (supervisory) levels.

All the component technologies that comprise the LLCS have been in use for a number of years. These efforts, even those that combine radiant panel distribution and/or night pre-cooling concepts however, have continued to assume a more or less conventional cooling plant.  Conversely, efforts to optimize chiller and TES operations have generally assumed a conventional air-distribution system.  Although these technologies can and have been used independently to provide incremental savings, when used together, they achieve significant energy savings by integrating HVAC equipment, distribution and control in a highly synergistic manner.  Peak shifting and active and passive thermal energy storage are proven technologies that improve chiller load factor and can increase chiller efficiency.  DOAS with enthalpy recovery provide more efficient latent cooling so that radiant cooling can be used to satisfy sensible cooling loads.  Radiant cooling further increases chiller efficiency by requiring the chilled water supplied to be only a few degrees below room temperature, that is, much higher than required by an all-air system.  Compared to all-air systems, the fan energy use of a RCP/DOAS is dramatically reduced.  When advanced controls are integrated with the above technologies, additional energy and peak demand savings can be achieved by coordinating variable-speed compressors, fans and pumps for maximum efficiency, by anticipating and shifting daytime cooling loads, and by eliminating simultaneous heating and cooling.
It is recognized that substantial efficiency improvements in buildings can be achieved with advanced envelopes (e.g., reduced conduction and infiltration, improved windows), lighting technologies/controls, and plug load power density reductions.  These technologies are basic to continued advances in overall energy efficiency.  As the envelope reaches a very high level of performance and ventilation load is taken up by a DOAS, the remaining cooling load will be dominated by internal gains: lights, plugs, and people.  Most building types will have—and all building core zones have always had—cooling load patterns that do not vary much from week to week and even from summer to winter seasons.  This is the ideal situation for a baseload cooling system with modest storage—analogous to a light, streamlined hybrid vehicle with a small and very efficient engine.  

With a high performance envelope and lower lighting and plug load power densities, the cooling load can be satisfied with higher chilled water and supply air temperatures (60 to 65oF) and, with roughly half of the cooling delivered at night, the lowest life-cycle-cost plant will be one that is optimized for low condensing temperature (80oF or less) as well.  Hydronic radiant cooling requires DOAS equip​ment to address latent load.  Efficient pre-cooling of building mass, enabled by advanced controls and efficient distribution, has two potential effects on chiller cost and performance: 1) the plant operates at much lower average discharge pressure, and 2) shifting load away from the peak can reduce the required cooling plant capacity.  Other high-performance building characteristics involving the envelope, windows and shading, lighting and controls, and office equipment can be expected to reduce peak cooling loads by at least 50%.  With the reduction in plant capacity, investments to further chiller plant efficiency can be justified [1].

The preliminary LLCS savings estimates [1], [2], and [3] were based on simulation of thermal loads from DOE 2.2
 from one building type (medium office) in five climate locations.  Because PNNL was not able to simulate the systems entirely in DOE 2.2 (pre-cooling with TES, DOAS and radiant slab), component models for low-lift chiller, ideal thermal storage and dedicated outdoor air system where developed in Matlab.
  The coil load estimates from DOE 2.2 were used with Matlab component models to estimate the energy consumption for chiller, pumps and DOAS.  The work reported in this paper extends previous work to 12 building types and 16 climate locations in the U.S. and uses EnergyPlus
 for simulation of loads, instead of DOE 2.2. 
METHODS 

To estimate the national energy savings potential, energy use for 12 prototypical buildings for which this LLCS applies was simulated and scaled to a national level.  The U.S. Department of Energy (DOE) and the American Society of Heating, Refrigeration and Air Condition (ASHRAE) have defined prototypical EnergyPlus building input files
 [4] and [5].  The ASHRAE prototypes are derived from the DOE prototypes and reflect minor changes made by the ASHRAE 90.1 committee.  

EnergyPlus prototypes
A combination of EnergyPlus input files from DOE and ASHRAE were used for this work.  Although some minor changes were made to these input files, the focus of this study was not to develop the EnergyPlus inputs or to validate them.  Validation of these input files was done as part of other DOE and ASHRAE work.  The 12 building types used for this work are: small office, medium office, large office, stand-alone retail, strip mall, primary school, secondary school, supermarket, outpatient health care, hospital, large hotels and non-refrigerated warehouses.  These buildings were simulated in 16 climate locations that represent the entire U.S.: Miami, Houston, Phoenix, Atlanta, Los Angeles, Las Vegas, San Francisco, Baltimore, Albuquerque, Seattle, Chicago, Denver, Minneapolis, Helena, Duluth, and Fairbanks.  More details on the EnergyPlus input files used in this study are provided in [6].
Energy use estimation methodology

Although EnergyPlus can model many of the elements of the LLCS, it still lacks a low-lift variable-speed chiller, thermal storage and advanced controls needed to evaluate the optimized integrated operations.  The energy consumption estimates and the savings were computed in two steps: 1) building thermal loads were estimated using EnergyPlus and 2) using the thermal loads from EnergyPlus as a basis, the systems were simulated to estimate the energy consumption with a set of component models that were developed in Matlab environment.  Details of the component models are reported in [1] and [2].  
The building prototypes used for the analysis had two permutations, baseline and high performance.  The baseline buildings complied with Standard 90.1-2004 [7] requirements.  Where the Standard did not have a specification, typical construction practices were used.  The baseline building prototypes were modified to create high-performance prototypes.  The goal of specifying the high-performance building is to assess the benefits of low-lift when applied to future near-zero-energy buildings.  The high-performance building is roughly 50% more efficient than the baseline building [1] and [3].

The baseline prototypes were simulated at 16 climate locations with three different ventilation schemes: 1) without economizer, 2) with economizer and 3) without economizer with ERV.  The same sets of simulations were also run for the high-performance buildings.  The output (coil loads) were then used with Matlab component models to estimate the energy consumption for 8 different combinations of low-lift technologies:  Case 1: two-speed chiller with variable air volume (VAV) or constant air volume (CAV) air-handling unit (AHU); depending on building type, Case 2: low-lift variable-speed chiller and VAV AHU; Case 3: two-speed chiller with RCP/DOAS; Case 4: low-lift variable-speed chiller with RCP/DOAS; Case 5: two-speed chiller with VAV AHU and TES; Case 6: variable-speed chiller, VAV AHU and TES; Case 7: two-speed chiller with RCP/DOAS and TES; and Case 8: low-lift variable-speed chiller with RCP/DOAS and TES.  Case 8 is the full LLCS; Cases 2, 4, 6 and 8 use advanced variable-speed compressor and transport (fan and pump) controls to optimize the hourly operation of the chiller and active-core pre-cooling distribution systems.  Cases 5, 6, 7 and 8 implement a 24-hour look-ahead algorithm to optimize charging of the TES by minimizing the following cost function:
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subject to just satisfying the daily load requirement:
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and to the capacity constraints:


0 ≤ Q(t) ≤ QCap(Tx(t),Tz(t))   t = 1:24

where 

COP = f(Tx,TZ,QLoad) = chiller coefficient of performance (kWcooling/kWe)

Tx 

= outdoor dry-bulb temperature

Tz
= zone temperature

Q 
= evaporator heat rate—positive for cooling (Btu/h, ton or kWth)

QLoad 
= building cooling load with no peak-shifting,

QCap = f(Tx,Tz) = chiller cooling capacity at full speed operation.

Case 0 is referred to as baseline case (the EnergyPlus base HVAC configuration) in this report.  Because the prototype buildings use different base HVAC systems, the energy consumption for each building was also estimated with one of two standard air distribution systems (constant volume or VAV depending on the building type) fed by a central chiller, this is referred to as “Case 1.”  The purpose of using Case 1 is to provide for an apples-to-apples comparison by using identical chiller components for the low-lift baseline and all partial and full LLCS configurations.
The energy savings from these technologies (RCP/DOAS, TES and low-lift chiller) are assessed individually and in the combination described previously.  This approach not only provides the energy savings potential associated with the LLCS, but also demonstrates the synergisms of the component technologies and thus illustrates the importance of systems integration in achieving truly exemplary levels of energy performance.

RESULTS

First, the energy consumption for each of the 12 building types in 16 climate locations is calculated using the base HVAC systems.  The fan and DOAS consumption is estimated for the entire year (i.e., both cooling and heating seasons).  There are additional savings for the building types (6 out of 12) that use reheat; these savings are estimated independently [6].  The summary of the results for the base case and eight LLCS configurations are presented in this section.  For more details of the results of individual buildings refer to [6].  The savings for each building type and climate location are computed as the difference between Case 0 and Case 8.  In addition to computing the ultimate savings, savings from individual technologies can also be computed.  For example, the difference between Case 0 and Case 1 is the savings realized by going from a packaged direct expansion system to a two-speed chiller and the difference between Case 1 and Case 2 results is the savings realized by going from two-speed chiller to a variable-speed chiller.  Although savings in fan energy can be computed as a difference of Case 1 and Case 5 or Case 2 and Case 6, it is only an approximation because when switching from a conventional VAV system to radiant cooling, the chilled water temperature is also increased, which will reduce the chiller energy consumption.  Therefore, it could be viewed as net reduction in fan energy consumption.  Similarly, the savings associated with thermal storage can be computed as a difference between Case 1 and Case 3, Case 2 and Case 4, Case 5 and Case 7 and Case 6 and Case 8.  Each of these differences will yield slightly different energy savings for the thermal storage because of the other system interactions.  
The range of percent energy savings across the climate locations for all building types with respect to the base case are shown in Table 1 (Case 0 as reference) and Table 2 (Case 1 as reference).  For each row, percent savings are computed with respect to the corresponding Case 0 or Case 1 energy consumption.  Although there are significant percent savings in the large hotel from use of the full LLCS, the saving are only from central HVAC systems used in the common areas and conference rooms and not the individual rooms.  Note that for the primary and the secondary schools, the percent saving are also high, even considering that these buildings usually have high ventilation requirements.  The savings for the warehouses (non-refrigerated) are for the office portion on the warehouse and not the entire warehouse.

Table 1. Range of Energy Reduction (between Case 0 and Case 8) in Annual Chiller and Distribution Energy Consumption for both Standard- and High-Performance Buildings in Various Climate Locations


[image: image3.emf]Building Type MinimumMaximumAverageMinimumMaximumAverage

Office Small 68% 78% 76% -9% 56% 40%

Office Medium 56% 67% 63% 43% 65% 57%

Office Large 37% 62% 51% 30% 54% 44%

Retail Standalone 67% 76% 72% 43% 67% 55%

Retail Strip Mall 56% 70% 65% 7% 60% 37%

Primary School 53% 69% 64% 35% 70% 56%

Secondary School 53% 69% 60% 44% 66% 53%

Hotel Large

Supermarket 64% 79% 72% 42% 66% 58%

Warehouse 53% 81% 73% -3% 69% 45%

Outpatient 78% 84% 81% 44% 68% 62%

Hospital 60% 78% 72% 47% 68% 61%

Standard Building High Performance Building


The annual national energy savings potential (cooling, fan and pump) from widespread use of the LLCS was estimated by applying appropriate weighing factor to each combination of building type and climate.  Figure 1 shows the national energy saving potential for the full LLCS (Case 8) and the various combinations of LLCS configurations, compared to the baseline buildings that are compliant with ASHRAE 90.1-2004 (Case 0).  For baseline buildings that are compliant with ASHRAE 90.1-2004, the full LLCS saves about 0.011 Quads of site electricity use in 1 year, with the full LLCS being applied to approximately 58% of floor area
 of total new construction in 2010 U.S. new commercial building stock.  The annual site electricity savings are about 0.004 for high-performance buildings.

Table 2. Range of Energy Reduction (between Case 1 and Case 8) in Annual Chiller and Distribution Energy Consumption for both Standard and High Performance Buildings in Various Climate Locations


[image: image4.emf]Building Type MinimumMaximumAverageMinimumMaximumAverage

Office Small 59% 77% 70% -19% 43% 25%

Office Medium 13% 52% 37% 7% 50% 25%

Office Large 21% 61% 40% -4% 36% 13%

Retail Standalone 56% 73% 66% 31% 50% 41%

Retail Strip Mall 45% 63% 56% -7% 41% 16%

Primary School 46% 55% 51% 22% 46% 34%

Secondary School 32% 49% 43% 10% 37% 26%

Hotel Large 16% 57% 44% -11% 47% 29%

Supermarket 59% 78% 68% 35% 63% 51%

Warehouse 50% 81% 69% -5% 69% 40%

Outpatient 65% 83% 78% 34% 67% 53%

Hospital 48% 76% 64% 10% 49% 37%

Standard Building High Performance Building
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Figure 1.  Comparison of National Technical Site Electricity Savings Potential for the Year 2010 for Various Low-Lift Cooling Design Option Sets (assuming 100% Penetration) in Comparison to Case 0
Note that these annual estimates are only for new construction and for building-types and climate locations for which the full LLCS is applicable.  Although it is likely that parts of the LLCS are applicable for a large portion of the existing commercial building stock and the full LLCS may be applicable to a substantial fraction of the existing building stock, the savings were not estimated for that potential in this study, because the primary market – as with most advanced systems – is new construction.  In this sense, the technical potential presented here is conservative.   

DISCUSSION

This analysis shows that significant cooling system efficiency gains can be achieved by integrating low-lift cooling technologies: variable-speed compressor and transport motor controls, radiant cooling with dedicated ventilation air transport and dehumidification, and cool storage.  These savings are in site energy terms; to calculate source energy savings at the power plant, using average fossil-steam heat rates, the previous estimates should be multiplied by 3.
  The total savings potential – relative to the baseline building – is therefore 0.36 Quads in 2020.
There are significant savings from use of two-speed or variable-speed (VS) chiller for buildings that use direct expansion system.  When compared to a base case (Case 0) or the two-speed chiller case (Case 1), the three low-lift technologies, when combined result in consistently large savings in spite of wide variations in savings when applied one at a time.  For example, the RCP/DOAS element alone results in average savings (for various building types, across 16 climate locations) of between 13 and 71% (Case 1 as reference).  A significant portion of savings attributed to RCP/DOAS is from fan energy savings.  The VS chiller alone results in savings of only 1 to 7% but when a VS chiller is added to HVAC configurations that already include RCP/DOAS and/or TES, the average incremental savings range from 2% to over 25%.  

The VS savings, when added after TES, are largest because the load shifting process results in almost all the load being shifted from a high to a low part-load operating range, where a VS reciprocating chiller becomes very efficient.  Even the best VS centrifugal chillers start to lose efficiency below about 35% rated capacity [8].  Although TES is a synergistic technology that enhances the LLCS savings, its first cost is often hard to justify.  Use of passive TES (use of the thermal mass in the buildings) can provide significant savings compared to discrete TES.

Integrated delivery of the low-lift system, similar to the approach used for variable-refrigerant-volume direct expansion cooling equipment, is one possible way to ensure proper integration of advanced controls.  However, for broadest market penetration, it would be preferable for manufacturers to supply integrated controls with less of a black box approach.  
The foregoing analysis is based on the use of vapor-compression equipment for both the sensible and latent cooling loads.  Similar low-lift benefits can be expected with low-lift variable-capacity absorption cooling plants, thermally-regenerated desiccant dehumidification equipment, direct or indirect evaporative cooling, or vapor compression systems coupled with a ground source heat exchanger.  The role of TES will general​ly be diminished in solar-powered cooling applications.  It would be interesting, nevertheless, to compare the solar aperture area needed for a state-of-the-art solar-thermal-powered absorption and desiccant cooling system to the apertures needed by state-of-the-art photovoltaic-powered and state-of-the-art solar-thermal-turbine-powered vapor-compression systems for the standard-, mid- and high-performance building prototypes simulated in a few desert and sun-belt climates.

TES and VS chiller technologies are widely applicable; however, the analysis also indicates that different (climate) regions need different sets of integrated technology solutions that are optimized for that region. While LLCS with a conventional vapor compression system may be good choice for many of the hot and humid climates, alternate low-lift cooling (evaporative, ground source) may be better suited for mild and heating dominated climates.  The primary focus of this study was cooling needs; there is also a need to look at heating technologies, such as heat pump chiller, that can be integrated with RCP/DOAS.  A part of the next year’s work will focus on identifying both alternate low-lift cooling technologies and high efficiency heating technologies that can be integrated with RCP/DOAS.
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�Buildings that annually produce as much energy from renewable sources as they use.


�The American Refrigeration Institute defines chiller part-load rating conditions as 50oF chilled water supply and 80oF outdoor dry-bulb temperature; we consider low-lift conditions to be 60-65oF chilled water supply, ~80oF outdoor dry-bulb temperature (day) and ~70oF outdoor dry-bulb temperature (night).


� � HYPERLINK "http://www.doe2.com/" �http://www.doe2.com/�


� Matlab is a high-level programming language and interactive numerical/statistical analysis environment used to develop and perform computational applications faster than with traditional programming languages such as C, C++, and Fortran.


� � HYPERLINK "http://apps1.eere.energy.gov/buildings/energyplus/" �http://apps1.eere.energy.gov/buildings/energyplus/�


� � HYPERLINK "http://www1.eere.energy.gov/buildings/commercial_initiative/benchmark_models.html" �http://www1.eere.energy.gov/buildings/commercial_initiative/benchmark_models.html�


� assuming 100% penetration in that 58% of total new floor area


� Per the 2007 Buildings Energy Databook, the stock average fossil fuel steam heat rate (Btu/kWh) will be 10,181 in 2020 – see Table 6.2.5 in � HYPERLINK "http://buildingsdatabook.eren.doe.gov/docs/6.2.5.pdf" ��http://buildingsdatabook.eren.doe.gov/docs/6.2.5.pdf�.  This compares to the electricity consumption heat rate of 3412 Btu/kWh, about a factor of three difference.
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