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ABSTRACT  

Considerable energy savings in building air conditioning systems could be gained with higher performance energy recovery 
ventilator (ERV) heat and moisture exchangers. Higher performance ERV’s remain uncommon in part due to their large size, a 
function of the quantity of polymer membrane surface area required for high rates of heat and moisture exchange.  A hybrid 
building enclosure panel containing an integral, air-to-air energy recovery ventilator has been developed, experimentally 
validated, and detailed to integrate within standard enclosure systems. Using space available within the depth of spandrel or 
rainscreen panel assemblies, a polymer membrane exchanger is created with substantial surface area in the plane parallel to 
the wall.  The exchanger depth is sized to fit within the available space. The required quantity of fresh air is supplied through 
a series of modular panels distributed throughout the building enclosure.   

Experimental validation of this hybrid envelope component at multiple scales demonstrated its performance and unique value 
proposition.  The effective R-value of the panel is dynamic and varies with the temperature differential between building 
interior and exterior. The sensitivity of the R value change is greater at lower rates supply and exhaust airflow through the 
panel.  Due to its large size, the integral ERV pre-conditions the air sufficiently under most conditions to enable its direct 
introduction to the building interior. ERV systems are typically directly coupled to a centralized HVAC system.  By contrast, a 
decoupled approach is enabled, with the panels providing preconditioned outdoor air and an HVAC system providing fully 
conditioned recalculated air.  Substantial savings in space used by ductwork and ventilation shafts are enabled by this 
“smart” enclosure system.  

The hybrid component, which emulates membrane transfer systems found in human lungs, green plants, and fish gills, 
represents a large step forward in the integration of multiple functions into the envelope and offers the potential of 
substantially more energy-and space-efficient buildings.  
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INTRODUCTION  
“Facades, like words, simultaneously link and separate inside from outside.” 
- Colin Rowe 
 
The role of the façade in building performance is multi-faceted and complex. Nevertheless, the basic functions required of 
the building façade, with a few notable exceptions such as integrated power generation, are still largely the same is those 
used in earliest of buildings; shelter from the elements, insulation from fluctuating exterior conditions, and basic comfort for 
the occupants. 
 
Operable windows and vents have traditionally acted as the primary form of linkage between ambient outdoor air and the 
enclosed interior, enabling natural ventilation during those hours when the ambient exterior condition is within a suitable 
temperature and humidity range.  Conditioning of the interior space beyond these limits has typically been the purview of 
heating, ventilating and air conditioning systems (HVAC).  
 
The increasing incorporation of Energy Recovery Ventilation (ERV) technologies into air conditioning systems in the past 
decade has shown potential to reduce building air conditioning energy significantly. (Zhang, 2000) Traditionally an air 
conditioning system add-on,  an ERV is a heat and moisture exchanger  that captures the residual heating or cooling benefit 
that would be lost in the building exhaust airstream and uses it to pre-condition the incoming fresh air stream.  By making 
this exhaust waste product do one final piece of preconditioning work before it is lost, the energy burden on the HVAC 
system is reduced.  This “energy recycling” process is analogous to the reclamation process used in the regenerative braking 
systems of a Toyota Prius and other hybrid vehicles.  ERV’s on the market today are typically made of parallel layers of paper 
or polymer membrane stacked within a box-like steel housing installed in mechanical equipment or penthouse.  With a latent 
effectiveness (a measure of the moisture transfer efficiency) in the range of 55%, conventional ERV’s typically perform only a 
fraction of the required dehumidification and, therefore, are installed directly upstream of the conventional HVAC, which is 
used to complete the conditioning before the ventilation air is delivered. (Deikmann, 2008) 
 
An ERV with a higher latent effectiveness could condition the ventilation air sufficiently to allow it to be introduced directly 
into the room without the need for direct coupling to the HVAC system.  Such an ERV, however, would be inordinately large 
in order to provide the requisite membrane surface area, resulting in a large space penalty in the buildings. 
 
A hybrid concept was developed to create an ultra-high efficiency ERV by creating an exchanger that is large in two 
dimensions but smaller in the third, creating a panelized form.  These exchangers are then integrated into modular envelope 
units that occupy unused depth within commercial curtain wall and rain screen systems. With the addition of small supply 
and exhaust fans, these panels create a façade element supplying clean, decentralized and preconditioned fresh air requiring 
less energy and less space than conventional alternatives. (Franzke et. al., 2003) 
 
 A series of critical development steps were taken to move the system from a concept through a laboratory bench-scale 
validation to three full-scale operational systems.  In addition to considerable HVAC energy savings, the technology presents 
improvements to indoor air quality and occupant health, better leasable floor area, a dynamic insulation quality, and 
enhanced building control.  This paper summarizes a five-year product development effort, culminating in a new, hybrid 
building envelope/HVAC product – The AirFlowTM Panel – that is just emerging onto the market. 
 

BACKGROUND 
The concept of a single, hybrid building component simultaneously performing a façade function- acting as an element of the 
building enclosure – and an air conditioning function – recapturing air conditioning energy already invested in the interior 
environment –presented a series of complex design challenges.  The investigation set out to develop, demonstrate and, 
ultimately, to commercialize a hybrid façade panel with an integral ERV in a progression of physical demonstrations and 
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validations increasing both in scale and severity of climate.  In order to meet this challenge, the Architectural Applications (a2) 
created a team of world-class collaborators that included i) Lawrence Berkeley National Lab (LBL) with deep experience in 
building science, ii) a Membrane Technology & Research, Inc.(MTR), who is versed in producing tailor-made products, iii) 
Arup, a global building engineering firm with expertise in both façade systems and HVAC design, and iv) the ETH-Zurich 
(ETH), a major European Technical University with expertise and facilities to test novel building technologies in the harsh 
subtropical climate of Singapore. 
 

METHOD AND RESULTS 
The heat and moisture exchange function was initially addressed with mathematical simulation and analysis work by the LBL 
team and the development polymer membranes with custom-tailored water vapor permeability properties by MTR.  (Figure 1) 
Small acrylic prototypes of façade panels containing exchangers made of the new membranes were tested in the laboratory 
for their efficiency at transferring heat and moisture between air streams flowing through them.  Their performance results, 
when extrapolated to the scale of a commercial building, were sufficiently promising to warrant continued development of the 
project. 
 

 

Figure 1: Lab-bench validation of  a façade-integrated membrane-based recovery exchanger. Images courtesy of Architectural Applications.  

The primary objective of the next stage of development was to assess the simultaneous performance of the component in 
both its functions as an envelope element and an HVAC element.  The primary metric of envelope performance is effective 
thermal resistance (Reffective), or the net resistance of heat flowing from one side of component to other between the chamber 
interior and exterior.  The metric of HVAC performance in this case is effectiveness, or the amount of heat (sensible 
effectiveness) or moisture (latent effectiveness)  transferred between airstreams within the component as a percentage of the 
total possible transfer in an idealized case.  The two primary energy transfers are interdependent within the hybrid 
component, and the experiment was structured to gauge the effect of changes in one of the performance metrics on the 
other.   
 
A medium-scale panel (approximately 3’x 4’) and an identically-sized, inert control unit were installed in wall apertures within 
side-by-side calorimetric climate chambers at LBL so that they formed a part of the enclosures of the chambers.  (Figure 2) 
The control unit comprised a build up, from interior to exterior of painted ½” plywood/ 1” expanded polystyrene rigid 
insulation/ 7 ¼” dead air space/ 1” expanded polystyrene rigid insulation / ½” painted plywood, yielding a net total R-value 
(excluding film coefficients) of R14 (U = 0.071 BTU/h-ft2-°F).  Measurements of the ventilation air flow rates, temperatures 
and humidity levels as well as precise metering of the net heat transfer through the panels provided a first test of the panel’s 
combined function in situ.  Each device was installed into the aperture in one of the two Climate Chambers, calibrated to 
known airflow rates, and instrumented to measure temperature and relative humidity levels of the external environment, the 
chamber interior, the incoming air stream at its point of entry into the chamber, and the exhaust airstream at its point of 
exiting the exchanger housing.  Additionally, the paired temperature measurements were made on the inner and outer faces 
of the insulation layer disposed toward the exterior of the chamber.  The paired temperature measurements were evenly 
spaced grid of nine points arrayed over insulation surface. 
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Figure 2: Medium-scale experimental and control units installed in calorimetric chambers  Image courtesy of Architectural Applications.  

 
Data was collected under a variety of conditions over between July 25th and August 18th, 2013. Supply and exhaust air flow 
rates were maintained at equal rates in both devices and ranged between 45 and 100 cfm.  The temperature difference 
between chamber interior and exterior was controlled between 0 and 33° F.  Fifteen individual, steady-state data points were 
measured, each consisting of average of five-minute interval values over a 30-minute period with the lowest standard 
deviations in the data set.   
 

Figures 3a & b display the measured sensible and latent effectiveness respectively plotted against the air flow rate over a 
range of operating conditions.  The data show trends consistent with conventional heat exchanger theory, in which both 
sensible and latent effectiveness decrease with increasing airflow rates.  To within experimental uncertainty,  the device 
performs its HVAC function at levels of performance commensurate with a comparable non-façade-integrated device.  The 
effectiveness of the control device was zero under all conditions, as expected given that no heat and moisture exchanger is 
included in this system. 

 

                 

Figures 3a&b: Experimental results from medium-scale chamber measurements. Image courtesy of Architectural Applications.  
     

Figure 4 displays the measured thermal resistance (R-value) of the panel versus measured under a range of conditions. The 
inert Control unit displays a relatively constant R-value across all conditions as would be expected from a static, insulating 
envelope component.  The experimental device, however, displays a dynamic R-value that varies fairly linearly with the 
overall temperature differential between chamber interior and exterior. The rate of this change varies with the supply and 
exhaust air flow rates moving through the panel.  The R-value changes more rapidly with the temperature differential at lower 
airflow rates than at higher.  Within the overall energy balance of the panel, variations in the effective R-value can be 
attributed to the portion of the total heat flux transferred through the panel form interior face to exterior (or vice versa) 
compared to the portion that is convected into the air streams flowing through the panel interior.  At lower flow rates, the 
lower internal air velocity results in a smaller convective fraction.  Under this condition, more of the net heat flux through the 
system is transferred as conduction from panel interior to exterior.  As the internal air velocities increase, the convective 
fraction increases, reducing the conductive fraction and, thus, raising the effective R-value.   
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Figure 4: Experimental results from medium-scale chamber measurements.  Image courtesy of Architectural Applications.   

    

In a subsequent phase of work, a full-scale demonstration was developed for installation in a sophisticated and well-
instrumented building system test facility at LBL.  The primary objective of this phase of work was to explore aspects of 
envelope integration.  In this case, the test chamber, sized to emulate a single office, had one fully glazed façade that utilized 
a standard extruded aluminum storefront system with pressure bars and snap covers supplied by a major North American 
manufacturer.  A panel component was fabricated to fit the opening dimensions of the existing glazing system (approximately 
5’ x 12’).  The existing IGU’s were removed, and the new panel was installed in their place using the original pressure plate 
and snap-cover assembly. The entire process, including the electrical connections required to power the panel’s internal 
fans, was completed by a crew of four people in under two hours 

.                                                                                 

Figures 5a & b: Full-scale envelope-integrated exchanger unit  installed in test facility- Exterior view / Interior view. Image courtesy of 
Lawrence Berkeley National Laboratory.      

 
 The panel was designed and detailed to match the depth of the aluminum framing system so that the interior face of the 
panel was flush with the rear face of the mullion.  (Figure 6) The body of the panel is held ¾” inside the storefront framing 
bay, creating a continuous shadow gap around the panel from the interior and creating a location for the necessary power 
and control wire terminations.  The airflow capacity and the effective R-value of the panel are related to its overall depth.  As 
such, matching the panel depth of the overall envelope system framing depth may not yield the ideal result in all situations.  
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Figure 6: Plan detail sketch for integral heat & moisture exchange panel as part of a curtainwall enclosure system. Image courtesy of Arup. 

 
With the device integrated into the test cell exterior envelope, the system was operated as two decoupled ventilation air 
streams: a 100% outdoor airstream was brought through the wall panel and preconditioned via the integral exchanger prior 
to entering the room.  A 100% re-circulated air stream was simultaneously drawn from the room, through a fan coil located 
above the chamber ceiling, and reintroduced into the room via the ceiling diffuser seen in Figure 8.   In this arrangement, the 
room itself acts as a mixing plenum for the two airstreams, and careful design is required to ensure sufficiently uniform air 
distribution is achieved. 
 
Eight data points were measured at steady-state conditions under a range of temperature- and humidity-gradients induced 
between chamber interior and exterior.  Analytical models developed to assess the panel performance were benchmarked 
against the measured data points.    The modeled results showed agreement with the measured data to within 7% (Figures 
7a & b) 
 

.                                        

Figures 7a & b: Comparison of measured vs. predicted results of supply air conditions. Image courtesy of Architectural Applications  
    

A simple, single-zone whole-building energy model using EnergyPlus v8.1 software was constructed comprising a 2,400 ft2 
single story, one zone model with a Slab-on-grade floor and one Double LowE (40% WWR) south-facing window. (Figure 8)   
All schedules, internal loads, wall constructions per climate, and outdoor air requirements from the DOE EnergyPlus 
Commercial Prototypical Building models, 90.1-2010 version, (www.energycodes.gov/development/commercial/ 
90.1_models) with three versions of HVAC system: i) fancoil unit with a dedicated outdoor system, ii)   the system in item i 
with the addition of a rotary desiccant energy recovery ventilator operating at the system level (i.e. directly coupled to the DX 
VAV unit), and iii)  a decoupled ventilation system comprising an envelope-integrated ERV panel as described previously 
operating in parallel with a fully recirculating in-zone fan coil unit.   (Figures 9-11)  
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Figure 8: EnergyPlus single zone model  Figure 9: Schematic diagram for Base Case System, a FanCoil with a dedicated 

outdoor air system, OA-outdoor air, EA-exhaust air, CC-cooling coil, HC-heating 
coil. Image courtesy of Lawrence Berkeley National Laboratory  

   

 

                   

 
 
 
 
 
 
  

 
The three system type models were evaluated with loads and occupancy schedules corresponding to four building types: an 
office, a school, a hospital, and a residence.  Four climate zones were chosen to represent a range of conditions found in 
North America, represented by North (Minneapolis), Central (Atlanta, Washington DC), and South (Phoenix). For all cases, a 
minimum outdoor air flow rate was provided to maintain acceptable indoor air quality. The amount of air flow, based on DOE 
Commercial Building Prototypes, was different for each building type. The air flow rate schedule followed the occupancy 
schedule.  The membrane separating the air streams within the exchanger has been found to be very resistant to transfer of 
certain strains of virus as well as other pollutants such as formaldehyde. While this is promising for the system’s use in 
applications with high risk of cross contamination such as labs and hospitals, further testing will be necessary to ensure 
standard are met.  
 
The results of these parametric runs are shown in Table 1.  In all four climates evaluated, there is energy savings due to the 
addition of the Energy Recovery unit. The savings is significantly higher for an AirFlow Panel, connected at the zone level. 
Building types requiring higher ventilation rates also see more savings, as would be expected (i.e. school and hospital).  
 

Figure 10: Schematic diagram for Base Case 
System, a Fan Coil with a dedicated outdoor air 
system and a system level ERV, OA-outdoor air, EA-
exhaust air, CC-cooling coil, HC-heating coil 
Image courtesy of Lawrence Berkeley National 
Laboratory 

Figure 11: Schematic diagram for Fan Coil system 
with an Energy Recovery unit integrated at zone 
level, OA-outdoor air, EA-exhaust air, CC-cooling 
coil, HC-heating coil 
Image courtesy of Lawrence Berkeley National 
Laboratory 
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Table 1:  Results of EnergyPlus single-zone models showing change from baseline system 

The high effectiveness of the exchanger within the integrated panel enables it to deliver preconditioned fresh air to the room 
at temperatures and humidity levels only marginally above the room conditions. Under most conditions, this high heat and 
moisture exchange rate enables the ‘decoupled’ operation of two parallel ventilation air streams as described previously. 
(Figures 12a & b) 

                 

 

 

  

 

 

 

DISCUSSION 

The true advantage of the system described here is in its decoupled operation.  Energy recovery ventilation components 
typical in the industry today achieve only a portion of the required outdoor air conditioning.  They are, therefore, directly 
coupled in sequence to a mechanical HVAC system to complete the conditioning before the air is introduced into the room.  

Figures12a & b: Psychometric chart for air conditioning via a centralized condensing coil at the ASHRAE 1% cooling 
condition, New York, NY. 
 Mixed room condition :    T = 75° F, RH = 47% 
 Off-panel fresh air supply:  T = 74.5° F , RH = 59% 
 Mixed room condition :    T = 75° F, RH = 48% 
Image courtesy of Architectural Applications     
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The decoupled operation of the panel described here is enabled by its hybrid design as both envelope and HVAC 
component.  The large exchanger surface area required to achieve high levels of heat and moisture exchange is 
accommodated – at least in two dimensions – by integration within an envelope panel. The resulting high exchange levels 
enable the preconditioned outdoor air to be delivered directly to the space without first passing through a cooling coil to 
control the final temperature and humidity levels.    

An additional benefit of the product is that the portion of the humidity removed from ventilation airstream is accomplished by 
permeation in vapor form, without condensing it into liquid as is common in conventional dehumidification technologies.  
Numerous studies have shown that the presence of moisture within the building envelope, particularly coupled with higher 
temperatures, tends to increase the production of mold, microbes and other biological agents that can be harmful to building 
occupants. (World Health Organization, 2009) From the laboratory measured performance described above, the reduction in 
condensate production in the ventilation air stream for each of the test cases was calculated in each of the four test case 
cities to be 50-55%. This reduction in condensate production, therefore, may reduce the risk of occurrence of these agents 
in buildings using the AirFlowTM Panel.  

A standard panel has been brought to market with an outdoor air capacity of 200 cfm available in a wide range of face 
dimensions and finishes to match project-specific envelope constraints. A single 200 cfm exchanger can be accommodated 
in a panel nominally five feet wide with height ranging from 3-14 feet, enabling it to be installed in floor-to-floor, floor to sill, or 
spandrel zone configurations.  As an example, an office building with a 20’ deep perimeter zone and an occupant density of 
100 sq. ft. /person designed to current California Title 24 ventilation standards would require a single panel every 65 lineal 
feet along the façade perimeter.  The ventilation requirements of a 40-student classroom could be met satisfied with three 
panels in any of the configurations described above. 

 

CONCLUSION AND FUTURE WORK 
A variation of the technology is being developed to integrated within conventional rain screen systems. (Figure 13) 
 
 
 

 

 
  Figure 13: Plan & section sketch details for a rain screen-integrated heat and moisture exchanger preconditoner. 

Image courtesy of Arup 
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Figure 14: Biological analogs to a membrane-based exchanger for efficient pre-conditioning of building ventilation air. Images courtesy of 
Architectural Applications. 

The idea of an ultra-efficient heat and moisture exchanger integrated into the building fabric led initially to investigations of 
the architecture of human lungs.  It eventually became clear that the gills of fish were a better model for this challenge given 
that water holds only 1/5 the concentration of oxygen as air.  Gills, therefore, need to do their job in an environment of 
oxygen scarcity, requiring them to operate at higher efficiency.  The mathematics of fish gills was studied during the design 
and optimization of the membrane exchanger. (Parka, 2014) 
 
We as architects and engineers are fond of referring to buildings that “breathe.”  By this terminology, we refer to buildings 
that move volumes of fresh air into and out of them without the need for fans.  We learn in middle school biology class, 
however, that moving air into and out of our lungs is only a means to an end and that the actual purpose of respiration is the 
transfer of oxygen and carbon dioxide into and out of the bloodstream via permeation across membranes that line the lungs. 
 
It is significant that the bio-mimetic technology enabling these benefits is at heart a building enclosure technology.  Like the 
lining of our lungs, the panel gains it efficiency of exchange by virtue of a very large membrane surface area.  Like the gills of 
fish, these membrane exchangers are located at the interface between interior and exterior, where they can mediate the flow 
of air into and out of the space to best advantage.  The design potential of this new technology is as rich as the technical. 
The panels are currently opaque (although a translucent product is anticipated for the future), and perform a function formerly 
unheard of in the building enclosure sector – passive dehumidification.  These opaque “gills” of the building can offer infinite 
possibility to express in the façade design this unique function and its role in changing the way buildings use energy.   
 
The revolutionary nature of the technology presented here is underscored by its distinction as the only building envelope 
technology supported by the Advanced Research Project Agency for Energy (the most elite clean tech funding program in 
the country, as well as the US Department of Energy’s Emerging Building Technologies Office and various private and 
nonprofit entities.  The product has been sold in California and is currently being implemented in projects in Texas, Georgia, 
Hong Kong, and Vietnam. 
 
Buildings currently use 40% of global energy and emit approximately 1/3 of all greenhouse gas emissions.  With the current 
rates of urbanization, particularly in Southeast Asia, the problems of energy use and environmental degradation are growing 
rapidly.  Combining multiple functions into a single, hybrid façade component to produce efficiencies and benefits greater 
than the traditional systems could produce on their own is truly and evolutionary step in intelligent building enclosures.    With 
this technology we have taken a significant step closer to creating buildings that actually respire, and the benefits provided 
by this advance are multiple and substantial.   
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